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Which animal models should be usdd in the search for new 
antiepileptic drugs? A proposal based on experimental 
and clinical considerations 
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OBJECTIVES IN THE SEaJRCH FOR NEW 
ANnEPILEPTIC DRUGS 

It has been estimated that about 20% of pa- 
tients xvilh epilepsy cannot be treated successfully 
with current aatiepiioptic drugs***. It should be 
emphasized, however, that this global figure rep- 
resents the average drug resistance of patients 
with diverse types of epilepsy. Considered individ- 
uaUy, the prognoses for the various types of epi- 
lep^F differ considerably. A Zarge number of epi- 
leptic $yndrofnes of childhood and adolescence 
caanot be successfully treated with current anti- 
epileptic drugs, e.g.. West syndrome, early myo- 
donic encephalopathy, Lennox- Oastaur syn- 
drome, epilepsy with myoclonic astatic seizures^ 
qpOepsy wiih myoclonic absences, and severe 
myoclonic cpDepsy in inJfency^^. In adults, the 
highest drug resistance of about 70% is tound in 
patients with complex partial seiiures**, the most 
common type of epilepsy (see Table I), whereas 
the prognosis of most types of primary generalized 
seizure types is much better. Thus, ihcre is a need 
far new antiepilcptic drugs which should be more 
erffective than existing drugs in intractable epilopv 
sies, such as those with complex partial seizures. 
In addition, there is growing concern about the 
acute and chronic toxicity of currently used aaii- 
epileptic drugs*^. For instance, the favourable 
clinical efficacy of valproic acid in epileptic syn- 
dromea of childhood and adolescence is sevec^ly 
impaired by the potential embiyoioxidty and he- 
patotoxiQty of this drug*". Hius, newly developed 
drugs should be less tojrfc than existing drugs. . 
Hrug toxicity testing is part of the preclinical eval- 
uation of any newly developed compound, where- 
as there is no prechnical efficacy testing against re- 
sistant seizure types, which is due to the lacfc of 
suitable animal models. The various animal mod- 
els for epilepsy that are currenily used in the 
search for new anticonvulsant drugs are models in 
which traditional anUcpil^tic drugs are active, 
which may hamper the identificaUon of potentialiy 
useful compounds with new mechanism of action. 
TTius there is a need for experimental models ol in- 
tractable epilepsy in order to study mechanisms of 
drug resistance and to eventually discover new 
drugs that are effective In paticDts not controlled 



on current antiepilcptic medicHtion. Several mod- 
els which may be suitable in this respect have re- 
cecTly been proposed**. The Anticpileptic Drug 
Development Program of the National Institute of 
Neurological and Cocnmunicative Disorders and 
Stroke (NJNCDS) of the National Institutes of 
Health (NIH) U.S.A., which since its initiation in 
1975 has stimulated the development of various 
new antiepDeptic drogs^ is primerily based on only 
2 seizure models, the maximal elecixoshock sei- 
zure (MBS) test and the subcutaneous (s.c.) pen- 
tylenetetrazol (PTZ) tes^*'-^'. The MES lest is 
thought to predict drugs eftective against general* 
ized seizures of the tonic-clontc (grand mal) typo, 
whereas the s.c. PTZ rest is used to find drugs ef^ 
fective against generalized seizwes of the petit 
mal (absence) type^. However, qiost patients 
with these teiz^re types can be suooesfifully treated 
with exisiing antiepiieptic drugs (see Table I), 
whae there is a much more pressing clinical de- 
mand to find new drugs for the treatment of other, 
more difficult to control soizxire types and epilepsy 
syndromes, such as complex partial seizure. West 
syndrome and Leonox-Gastaut syndrome. Con- 
sequently, al^ough the predictive value of the 
MES and PTZ models b still of use fof antiepi- 
lcptic drug development, models of other types of 
eioXepsy should be added to these traditional mod- 
els early during drug evaluation. In this review we 
vdU (1) cntically discuss the advanctges and disad- 
vantages of the diverse animal models which are 
available, (2) propose models which should bo 4 
used in a standardized way in the search for clini- 
cally relevant new antiepilcptic drugs, (3) outline 
the efficacy of clinically established antiepiieptic 
drugs in these models, and (4) compare the effica- 
cy of acyv anticonviUsant drugs in these models 
with initial cUnical data ou these compounds. With 
respect lo the diverse models discussed, it should 
be noticed that the term *pelii mal* wiJi be used to 
comprise both absence and myoclonic seizures. 
The differences between these seizure types in re- 
gard to anuepileptic drug sensitivity and the ton- . 
sequences for the predictive value of so-called pe- 
tit mal models wiD be discussed in the lasi section 
of this review. It sho\ild be stressed akeady here, 
however, ihat in terms of aqtieplleptic drug cfGca- 
cy the petit ma| models described in this review are 
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TABL£ I 

Spectrum of clinical activity oj common antfe^iUpHc dru^ 

Signs And tbbrcviaiioafi: ^ 4* •mi«pilei»tic eXScacy; KB, noi etfectivc; GTCS» f MwrnUaed tonlc*clai>(c Eoixures; GTS. gel,< 

eraJized tooic sdosum; GCS, e^eralixod clonic o«i2Ur««. Por rftforcnce see Sdunldt''^. 
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models of inyodonic seizures but sot models oJT ab- 
sence seizures. 

ANIMAL MODELS FOR THE SEARCH OF 
NEW ANngPELEFTIC DRUGS: MODELS OF 
SEIZURE STATES VS. MODELS OF EPI- 
LEPSY 

The innumerable animal models that are used 
in epOepsy research have been the subject of one 
volume"* and' scveraj reviews'^* 
Only mb'dftls potentiaUy useful for antiepil^tie 
drug developznent will be shortly discassed here 
(sec Table II). ExpervncntaJ rese«rch on epilepsy 
and antiepileptic drugs has mostly been done in 
mice and rats in which seizures were induced by 
chemical or electrical means. Although these ro- 
dent models, such as the MES and PTZ models, 
have proved useful for the identiBcadon of drugs 
With anticonvulsant action, they arc obviously not 
cJo&ely related to human epilepsy but represent 
nK>dels for induction of single epileptic seSzureii 



rather than models of epilepsy. An ideal model of 
epilepsy should show the fpUowing characteiistacs:. 
(1) the devdojEment of spontaneously occuxring 
recurrent seizures, (2) a type of seizure rimiUr in 
its clinical phenomenology to seizures oocujiing in 
human epilepsy, (3) an age-dependent onset of 
' epilepsy siiAilar to diat observed tn ^nemlized ep- 
ileptic syndromes in man, (4) the, emj(fe»l seizures 
should be associated ^atfa epDepiic-tike activity in 
the EEO, (5) pharmaopktnetics of antiepileptic 
drugs simxlar to those ir^ humans thus allowing the 
maintenance . of effective drug levels, during 
c;hrpcuc treatment, and (6) effective plasma con- 
centration? of antiepileptic drugs similar co those 
required fox control of the respective seizure type 
In humans. No mode] at present meets all these 
criteria. However, there are several more recent 
so-called genedc animal models of epilepsy, i.e., 
species or strains of ar^mals with ^bom* epilepsy, 
which resemble idiopathic epilepsy in humans 
more closely than any other eicpenmental ipodei. 
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TABL£ n 



Eiperfmenial rwu»JeU af ^pilspjy 

This cable only stiznnarixec the moM Imponanc modcU tbat are currently used. For adcUtloan] models see Purpun ct al:^. Afa bjcvia- 
iDcThyt<^-ctfbQUi»e-3-carboxaim4e; fn4DJK,N'Wtthyi-^>-KS^»xrkUiTiDX, dldilorodiphcnyltiichiorpeUuine. 



(I) Cancdc animal modtis TfJBSf 

(a) With spontancouj recuTrcdC aeucurcs 
Epilepdo dogs (focal aelznrca, gcjpciiJized iov&k>clonic teiztirrs) 77,64,97 
Rati with petit mal epilepsy 3,d3,179,lS L 
Tottedikt mico (focal scizui«5» pctu ina] scizores) 46,77^124,1^5 
AE mice (tooic-cloittc aoszure*) ^ • 92 
CSJBJJIOBb nice (^ocnJocd c«izures) 15^ 
Qual;ioS mioe (spoDUmeoxia and rcfitx ayodoaic and generalixcd u>Dl<M4oQic aetetrce) 154,] j7,l69 
BIO 86.93 mvtant hacnstcn (&poDtaoeous «od refl« xnyodoDk «i»d 0ctie«iUtz)^ 191 • 

(b) With roflcx s«iziurea 

Baboons wah pKotomyocloiiic scizuM 60|61,7739,|l23 

PhoioattnsiHvc fowl (generalixcd tonlc-dooic sebture*) 30,59,77 

Audiogenic aeizuffc >u>ceptiblc mice and rata (niaiuAS fiv, f^crattsed tofiio<loitfc seizttres) 12,13,77,153 
Gcrbila (iaciaS inyocloBic And goocralized oyocloaic and tooic-doikic aeizurci in reipootc to bandUn^, 

change bi ^nviranmant otr air hUtft) SS,77,fi8 

El mice (ttniMc And geoemUisBd MXiuea in response to veotibulitf sifmulacion) 154 

P> BUctHemUyinducMiistUur^ 164-166,162 

(a) TbreilkaJd models (nilidmat and masdmalelectroshockscizuzcthrc^^ 165 

(b) Maximal electrosboc^ seieure (MBS) tavt (^oer«lixcd tonic sazureft) 165 

(c) Kff|d]«d (tocal and SA99nd«]1Iy ffiA.) aeiaeurps lodoced by repeated stimuUtion of vuious brain regions, 

the amygdala being the most sonsiifvc stnkccuro 41 ,105438 

PentyUneiecraBol (gc«, dopxc and ({n Ugher doaea) bdbSc aelcurM} 164, 166,}6B 
OttMf GaBA antag ooisTS (0.g., Hir<K»iPin«> p4tfoto|dn, convobant bartdtimtos, 

'cig«coDViiladOtt/pttu£ilfin,)m 86,108,110 
InhibHon of OABA ayntbesis Oi>hibift»a of pjfr<dojcal(tbosp)iato. such as 
meth iAy p y ridoadna, iacatarid;' TftfoTtmawbaadde and ' 

» t>ftnirni aniiDc; conipetitt»e a nf^ gnn lw i oCGaZ>; sncfa as S^neseap m pr m i iunk. aijd; ^ 

-and non-eompodcivn CAD iohlhtotfa, andii aa aOytglyaoA) 06,108 JIG 

lorrtrsc boncoda^opbic Tcocpm agonto (c^j.^CCM, DMCM« TO 129,}6t> 

Olydne antagonbta (st^dinm6) v . - ' 

Cholinomimetic drogy (o-g.» pitoc^gpinp)' 16i;i7d 

Encttatoqr atmino actd T«oa|nor agonists (e.g; , NMJ3 A and kainic add) 64,1 10 
.MbcellaDeooft coa*alfaan (d.g.,*gamdia.-hydrojeytiutync acid (pftdt mal seixurtt), DDT (knyodonus), 

ggthjloBtoe «ttlfoidrmfiB>Onrothyt) 158,161,160 

(b) Chamoconrvufcaats used C6 induce fbcol seijniret (after central admlofstratton), , 

e.g., penldltuit leaink add, quinolmic add. pentyleaeleirazol, ouabain 5,134,182 

(4) F<>cal instintiiviuctd by froptettltMnvubau)m€taU^plIedU9 cortical artt^ 

. e.g., aluslviniaercain model and cobalt ittodcl IB, 187 
' _ f 

(5) ifeurophyxUUogfciUstiMurm mod^ utlng rrcordhtg frdm rlngtv neumnet b* intao animoU, 

aolattdtSssuMpr^^ar^ons or fUtuK cultures * 19«23,40,101,;(06 
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Cenclic animal models ofepiltpsy 

The advantages and drawbacks of thcic models 
have beei\ reviewed recently^. Despite the specif- 
ic poteutial of senctic animal modcJs for the devel- 
opp>cnt of new antiepileptic drugs, they are only 
rarely used in preclinical dmg testing. As shown in 
Table H, genetic animal models can be subdivided 
into animals with spontaneously occurring recur- 
rent seizures, and niodels in which seizures are in- 
duced by specific *ensory siimuJaaoa in genetical- 
ly susceptible aniinals, such as baboons, DBA/2 
mice -and gcrbils. By definition of epilepsy, ani- 
mals with chronically recurring, spontaneous sei- 
zures represent ideal models for human ^iiqpsy; 
however, the disadvantage of such models for 
drug evaluation is that in most of the nnimaU the 
naturally occurring seizures cannot be eltdted at 

„ rr»g /kg 



]49 

will by an investigatdx, which makes drug efiEicacy 
studies time-consuming, especially when the $ si- 
xurc frequency is low. Among the animal ^p^id^ 
with spontaneously occurring seizures shown in 
Table IT, epOepttc dogs have proved useful as a 
model of focal ani? primary and/or secondary gem^ 
eraKzed tooic-clonic seizures'" ** Besides idio- 
pathic epilepsy, thers occurs also sj^ptomaic 
epilepsy in dogs, mostly due to brtdn tumour^''. ;i 
should be noted ]ix this rej^t that no selectively 
bred dogs have been used in our studies oh this 
s^cs but die respective aninuls were paiienu of 
the D^artmei^i of Small Animal Diseases in Ber 
Un. Tbc prevalence of epiXw^psy in the dogs seen a : 
this cUnic is 0.6%^. Breed- and sejc-related differ 
ence* in prevalence and the age-dependent devel- 
opment of epilepsy in dogs have been described 
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elsewhere*^. Studies «atb commonly used acttepi- 
leptic drugs in epileptic dogs witb geaeraJized ton- 
iodonic seiruCres showed that 20-*40% of the ani- 
mals iire refractory to high-dose ^oticpilepu'c drug 
tiicrapy***^. Focal seizures were more d^cult to 
tre4t ihtji l^eneralked tonic-clonic seizures*^, 
which is consiateot with clinicaJ experience in hu- 
man epilepsy"*. An example of a djmg-resisrant 
dog is shown in Pig, 1, Thcic animals represent an 
ideal source for the study of causative factors in in- 
tractable epilepsy and for the search of ne<v nhd- 
eplliptic drugs svith efficacy against seizures that 
did not*re^>ond to piievious therapy. However, the 
epOeplie dog model is not suited for drug screening 
purposes since this is a model for chronic epflepsy 
and, consequently, drug-^fiScacy rtudies are lim^- . 
consuming. Furthermore, there arc logistical diffi- 
• culties TD obrainiiig an adequately high number of 
epileptic dogs fox long-term studies. Although se- 
lectively bred epileptic beagies^havc been used for 
dwg evaluation^, due to the low seixore frequen- 
cy, seizures in these anixtials had to ba indnced by 
electroshod^ or FTZ lo allow acute drug efficacy 
studies. Rats with spontaneously occurring' p€tit 
mat epilepsy and voilenng mice have advantages in 
this respect since the seizure frequency in the«e 
animals is so high that acute drug efficacy studies 
can be carried oat without 'unnatural' seizure in- 
duction^- Approximately 15-30% of Sprague^ 
Dawley and Wistar rata exhibit spontaneously oc- 
curring spike-wave disobarges (7-ll/5cc) which 
are associated with petit mal-like behavioural sei- 
xuxe components, such as bohavioural arrest and 
myoclonic twitching, mostly limited to the facial 
mnsculaturo'^'''"-^^. The spontaneous bursts last 
from 0.5 to 40 tec and occur hundreds of times a 
day. A^e is> critical factor in the develo^ent of 
the EEC paroxysms; usually no epileptic BBO 
signs are observed in male, and femalc.animats be- 
fore 14-18.wcefcs. On^^eveloped. the epileptic 
discharges seem to peisfst for the whole if fe^time. 
The incidence of seizures can be markedly in- 
creased when pairs of epileptic rats are used for 
breeding, thus demonstrating the genetic trans- 
mission of the phenomenon. The pharmacological 
sensiiivixy of the seizures is similar to that of hu- 
man absence seizures, except that phcno barbital i$ 
active at low doses (sec Table V). The aveUablc 




data thus indicate that these rats ai:e a suitable 
model of petit roai epilepsy. Since This* is a chronic 
model, the animals can easily be used /or chronic 
drug efficacy studies. The rat petit mal model has 
thus several advantages in comparison to most 
other models, including the PTZ test, which are 
used for this seizure type. The homozygoos totter- 
ing mbuse originally described by Green and Sid- 
man*^ is a presumed singlo-locus mutant/pheooty- 
pically characterised by spontaneous epileptic sei- 
zures'^. By weeks of age, affected hotnozy- 
goies can be recognized by a broad-based, ataxic 
gait. Spontaneous focal motor seizures (unilateral . 
clonic jerks of the hmbs with secondary generali- 
zation) are observed 1-3 days later and occur one 
or more times per day throughout the nornrud life 
span.- In studies on tottering mice in our laborato- 
ry, the focal motor seizures occurrctf iiregularly a 
few time$ a day and 93% of the seizures'lastcd for 
. 15 mxA or longer (D. Schultz, cited in rcf. 77). 

Studies on the pharmacological sensitivity of the 
• focal seizures in tottering mice showed that the sei- 
zures ^tc not affected by etbosuzimide and val- 
proic acid but are potently suppressed by diaze- 
- . PW-^* A second distinct seizure pattern in homo- 
zygous tottering mice arc spike-wave petit mal sei- 
zures. As' early as 32 diys postnatal, bilaterally 
synchronous 6-7/s©c. spike-wave discharges ap- 
pear as spontaneous bursts in BEG recordings'^. 
Hiesc si^e-w«ve bursts, 0-3-10 sec in duration, 
occur hundreds of thnes per day and are in each 
case accompam'ed by a behavioural petit mal sei- 
zure, which is very simiJar to seizures observed in 
the rats described above. These petit mal seizures 
are present at least throng 10 months of age. As 
shown in Table V, the petit mal sftzures are 
blocked by ethosmdmtde. diazepam and phe- 
nobarbital. whereas phenytoin is not effecthre**. 
The main disadvantage of totterixig mice is the 
problem of getting ei^ougb epil^tic homozygotes 
for'pbarmaoQlogical studies. At Ica^t in our labo- 
ratory, l^reeding with homozygous mice proved to 
be impossible and heterozygous animals bad to be 
used to get homozygotes with seizures for the ex- 
periments'". This procedure is very time-consum- 
ing and limits the potential of tottering mice as 
model for anticx>nvulsanc drug evaluation. 

Spontaneously occurring generalized tonic- 
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dODic seizures have been described recenUy in AE 
mice, an inbred mouse strain with \ntzcesimg fea- 
tures for epilepsy reseajrch*'. However, seizures 
occur too infrequently in these mice lo be of use 
for routine antiepileptic drug efficacy studies. An 
mteresiing observation of aE mice, which has pre- 
viously also been reported in other epileptic ani- 
mal species*^ is that the animals arc wore re- 
sponsive to etectrical seizure induction but less rc^ 
^nsive to anticonvulsants as compared vith set- 
zuro-non-susceptiblc strains of animals*^. The low^ 
er efficacy of major antiepUeptic drugs against 
MES and PTZ seizures in AE mice compared to 
'normal' mice is an interesting phenomenon 
worthy of further studies and indicates ihac evahi- 
ation of anticonvulsant drugs in non-cpileptjc ani- 
mals may cscaggerate their potential clinical use- 
fulness. There are also other mouse strains, e.g,. 
the C57BU2QBg srravt^ in which spontaneous epi- 
leptic seizures occur*^'. however, none of these 
strains has been pharmacologically characterized 
as to estimate its potential use for antiepileptic 
drug evaluation. An ejfception are quaking mic€ 
which, like the tottering mice, have an autosomal 
recessive genetic disorder"''. Animab behig ho* 
mozygous for this mutation exhibit spontaneous 
and/or elicited myoclonic and generalized tonio- 
cIodIc seizures which seem to ba related to the hy* 
pomyeVnation disorder of those mice"*. For anti- 
epileptic drug evaluation, scizuiea in quaking mice 
. have be^ induced by handling, whereas the phar- 
mmcologtcal sensitivity of the sponUneously oc- 
curring seizures has not been s^died yet*". The 
handling'induced seizures could be blocked by 
j^henobarbitaj, phenytoin, caibamwepino and 
valproic acid, whereas ethosnxhaide and diaze- 
pam were relatively ineffective*®. It was sug- 
gested from these data that quaking mice may 
prove to be an inc)cpen$ive, simple, sensitive and 
reliable animal model for the assessment of poten- 
tial new anticonvulsant drugs effective against fo- 
cal motor seizures in himians^**, however, further 
experiments are necessary to prove the predictive 
value of this model. 

Another species in which spontaneous seizures 
have been described ro occur, arc Syrian golden 
J^tfrrwrers^'V In the mbred hne BIO 86.93 of Syrian 
hamsters, myoclonic and generalized tonic sei- 



zures occur both spontaneously (J.E, Fisher, unn 
published observations) and in response to mild 
stress''\ Seizures occur in definable stages of hy- 
perkinetic-ataxic gait, straub tail, falling, tonic 
hind limb extension, wading pool crawl, stereoty- 
pic head .and psychomotor movements, followed 
by a paralytic state of extended rigid hind hmbs 
with inyoclonus of forelimbs and jaws. These 
symptoms .may last for several hours. This clinical 
phenomenology of the seizure symptojns does not 
correspond to a seizure type in human epilepsy 
which limiu the predictive value of the model. 
Phenytoin, phenobarbital, cthosuadmide and tri- 
metbadione are not capable of blocking the sei- 
2tires (phcnyioin rather acts as a proconvuisaot) 
while benzodiazepines are effective^. Unfortu- 
nately, this interesUng model for drug-rcsistant 
epilepsy is not generally available yet. 

To summarize; with the pcception of rats with 
spike-wave petit mal seizures, none of the de- 
scribed q»ectQS with spontaneously occurring epi- 
leptic seizures Is^ useful for acute antxepilsptic drug 
efficacy studies^ mainly because of logistical prob- 
lems, such as availability of the animals and/or too 
low or iztegular seizure frequency of the sponu- 
ncous scEzores. However, it should be emphasized 
ftat animals with chrooic epilepsy, such as epHep- 
Cic dogs and rau, af e ideal models for chronic drug 
efficacy studies and may thus be mterwting for 
ftirthar evaluation of a new drug ozice this drug has 
been shown to be a valuable candidate for further 
development. In some spedes, i.e., {^uaJcing mice 
and mutant hamsters, seizures can also be induced 
by sensory stimuladon, which may be an advan* 
tage for drug screening, but definite conclusions 
should await additional pharmacological charac- 
terization of these models . 

As shown in Table 11. there are several geneti- 
cally predisposed ammal species in which seizures 
do not occur spontaneously but can be induced by 
specific sensory stimulation, such as audiogenic or 
photic stimuli". The major drawback of all these 
genetic animal models with 'reflex' stizutes is that 
epilepsies characterized by specific modes of sei- 
zure prccipiration, so-called reflex epilepsies, are 
rare in humans. Only about 5% of patients with 
epilepsy get focal or generalized seizures in re- 
sponse to sensory stimulation"^^ About one-third 
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of these patients with rtflcx epilepsy responds to 
photic stimulation. Seizures ia photo^jQSitive epi- 
lepsy arc mosily of the absence type or generalized 
tonic-clonic type, whereas complex partial or sim- 
ple partial seizures arc less frequent. Further- 
more, it should be noted thai photomyodoilic sei- 
zures Can occur in non-epileptic patients, which 
means that animal^ (c.g.» baboons) with ph6to- 

' myodome seizures are not necessarily models for 
epilepsy; The main advantage of genetic animal 
models with reflex seizures for anticonvulsant 

. drug evaluation is that seizures can be easily and 
reproducibiy evoked in these models without eloo- 
trical or chemical means, and that the seizure 
types f at least in part, are similar in their clinical 
phenomenology to seizures ooconing fin human 
qnlepsy. 

A photomyoclontc syodrome in the baboon Pa* 
pic papU> was Hrst reported by Killam ot-al. in 1966. 
(ref. 61). Since then, much work has been carried 
out on elucidating the characteristics of this syn- 
4rome"*'^. Myoclonic responses to intermittent 
photic stimulation occur In 60-80% of adolescent 
batK>ons papio from the Ca&aroance region of 
Scae|;al, whereas seizure freqaency is lower in P. 
' papiairom other regions.- A minority of the -ani- 
mals (about 20%) show fuD tonic^lonic setzuras 
upon stimulation. The photamyodonie response 
of P. papio has been suggested as a model for pbo- 
tomyodonic seizures and mybdonic petit mal epi- 
. Itfpsy in humans**'^^- However, as shown in Table 
'*y, the Sensitivity of this response to antiepileptic 
drugs is only in part sfnilsir to tho human syn- 
dromes. Consistent with dinica] expeiiex&ce« val- 
proic acid, phenobarbital a^d benzodiazepines 
give complete protection agaiost the myoclonic re- 
sponse in baboons, whereas phenytoin ahd carba- 
masoepine are only partiaily active. Hc^ever, tri- 
methadione, whidi iH active against generalized 
myodonic seizures in man, is only weakly active In 
baboons. Furthnrmare, single dose administrations 
• of ethosuximide or primidone were found lo haVe 
little effect i>n the epileptic response in papio, 
although both dru^s are active against myodonic 
petit mal in humaj^s/Thus, the predictive value of 
thi^ model for drugs effective against particular 
types of human ep'ilepsy still requires darification. 
Furthermore, the hifib prime and maintenance 
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costs of baboons limit the usefulness of this species 
for drug development. ' 

Photxcally induced seizures also occur in do- 
mestic fowP. However, although the "available 
data suggest that photosensUtue fowls are an intcr^ 
esting model for human grand mal epHepjsy^^. 
these animals have not yet been used extensively 
for the evaluation of anticonvulsant drugs. On the 

' other hand I mice with an inborn susceptibility to. 
audiogenic stimulation are widely used in antiepi* 
leptic drug evaluation and screening^. Mo^c stud- 
ies on ' audiogenic seizurc-suscepfible mice have 
been performed in the DBA/2 mhred strain of the 
house mduse (Mut nuisculus), which has been 
known since 1947 to be susceptible to sound-in- 
duced seizures"*"-^. Nearly 100% of the males 
and females of this strain undergo to age-depen- 
dent, often fatal, sequence of violcht' generalized 
convulsions when initially exposed to intense audi- 
EOiy stimulation. The seizures begin with a wild 
rumung phase, followed by donic convulsions and 
a tome exteDston« ending in .respiratory arrest (in 
about 60%) oi full recovery.. The donic seizures 

^re normally used for evaluation of anticonvulsant 
drug action^ All clinically used antiepileptic drugs 

.Thus^ in contrast t6 m^st other known models of 
eiMlepsy, sound-induced seizures In DBA/2 mice 
are not particularly sensitive to' a specific dinical 
caiegoxy of anti^Bptic drugs. Consequently; au- 
diogenic seizure-susoeptible mice may be useful as 
a sensitive gross screening modeJ for potential an- 
tkonvulsant drugs, but they cannot predict anti- 
epileptic activity against a spedSc type of epi- 
lepsy,' In this respect » it should be noted that 
souiuMndueed sieizuit^ axe exceedingly rare in 
man 4nd thus die audiogenic seizure susceptible 
mouse is obviously not a model of a particular ha- 
' man disorder. On the other hand^ it is unlikely that 
a potent andeonvulsant drug would be rejected by 
this model. 

Soimd-induced convulsions also occur in rats'^. 
Seizures in> the genetically epSltpsy'prone rttt 
(GEPR) are simiiax to those, observed in audioge- 
nic seizure-susceptible mice but, in contrast to 
mice, rats rarely die after the sehmres. For anti- 
eofivulsant drug evaluatioA. the tonic-doziic com- 
ponent of the response pattern in rats b commonly 
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ttsod'^. ?han[iaco]ogLc&] studies hav© demon- 
strated that Che relative, elfiecdvencss of aniiepi- 
* loptk drugs against tonic-clonic seizuicj in GEPR 
is very sini^lar to that in the MES test. Thus, the 
OEPR seems to be a vajuable alternative model to 
ihe traditional MES test. 

Another interesting genetic model is the Man- 
golusn gerbU, Reflex epilepsy in thifi species was 
tot descnbed by Thie^sen et al.^^ in 1968, who 
recognized the trait in animals randomly bred in 
thdr laboratory at the University of Texas. In 
27% of th6 gcrbils in this colony eeizuretf could be 
^ evoked by piadng the gcrbils in a new cnviron- 
w meet. Subsequent studies showed that seizure in 
• gejrbils can be initiated by various other predpitat- 
- ing environmental siimuli, e.g., onset of bright 
(igbi, audiogenic stimuli, vigorobs Shaking of the 
cage» and different handling technique^. The 
most effective stimulus in randomly bred gerbils is 
air blast (average pressure 5-10 bars, directed at 
■ the back of the animals for 15 sec) by «tfhich soi- 
zuTos can be evoked in more than 98% of the ani- 
mals". The seizure susceptibility to other stimuli, 
such as handling, can be increased by selective , 
breeding of seizure-susceptible animals^^. With 
respect to seizure severity, seizures in gerbils can 
be subdivided into facia] myoclonic ^minor' aod 
^eralizcd myoclonic and tonicr^onic 'major* 
««J=ires**. Fadal rayodonxc seizures are pittdomi- 
nant in yoxmg animals (of about 7-10 weeks), 
h while in older animala seizures are mostly of the 
generalized m3roclonic or tonic-clonic type. Maxi- 
mum seizure severity is reached at about 7 months 
and does not change thereafter". The progressive 
age^^pendeat development of seizure severity in 
il»cse animals represents an interesting paralJclity 
10 the age^depeodent onset of generalized epilep- 
tic syndromes in patients and to the secondary 
generalization of seyzai-es: The gcrbil may there- 
fore be a useful model for study of the mechanism 
of generalization of epileptic seizures. The phar* 
micological scnsitivi^ of the various seizure types 
in gerbils diffexv in that valproic add* clhosUxi- 
mide and benjEOdiazepines are more i>otent against 
^^minor* than* against 'major' seizures, while pheny- 
.^loin, carbamazepine and phcnobarbital are inac- 
;^y^ ^ess potent agaiost 'minor* seizures than 
";»anst 'major* seizures^. Young gerbils with mi- 
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nor seizures can thus be used as a model for petit 
mal epilepsy (see Table V), while older animals 
with major seizures can be used for identifying 
drugs with efficacy against generalized tonic-cloo- 
ic Seizures. In this respect, it should be noted, how- 
ever, that it is not yet dear if the seizures in gerbils 
are primary or secondary generalized, sinc^ EEO 
studica have auggeated thai the seizures in gerbils 
might have a focal origin'''^". Unfortonttely, 
there are some di-awbacks of the epileptiQ gerbil 
model^: (1) The sensory stimulation is not spedfic 
for epilepdc myoclonic seizures but is more often 
observed in non-epilfiptic myodorius**^, (2) The 
experiments are tiroe-consuming since, due to a 
long post-icial refractoriness, the aoimals can only 
be tested once a week. More frequent testing re- 
sults in a marked decrease of seizure severity. 
Post-ictal reflractorinesff is also seen in stimulus- 
sensitive epileptic patients bur is also typically 
seen in non-epheptic myodonus***. (3) A certain 
skill in handling when drugs are to be administered 
is mandatory In order to avoid the ioduction of sei- 
zures (which would then be followed by post-ictal 
refiractorioess). (4) As in other rodent spedes the 
half-lives of antSepileptic drugs (and possibly other 
compounds) in gerbils are much shorter than in 
man which renders the maintenance of effiecttve 
drug levels doiiog cbronic treatment difficolt**. 
This problem, bowover, can be resolved by con- 
stant rate infusion of drugs via subcutajoeoualy im- 
planted osmodc mSnipuraps*^. 

A mouse mutant which may be suited as an ani- 
oial model for complex partial seizures U die E( 
motat^* El mice exhibit seizures in response to 
* vestibular stimulation (by rspeated tosses into the 
air or by altering the equilibrium of the mice) 
which appear to originate in the hippocampus or 
other deep temporal lobe structures and then 
spread to other brain regions. The generalized 
tonic-donic sdrures which occur in these animals 
are preceded by excessive salivation and head, 
limb and chewing automatisms. EEG recordings 
Indicate a localized onset of paroxysmal activi- 
ty^**- Thus, the seizures in El mice can be best clas- 
sified as complex panlal seizures with secondary 
generalization. Accordingly, £1 seizures ciin be in- 
hibited completely by phenyroin and phenobarbi- 
tal, i.e., drugs of choice for treating this type of 
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epOepsy in humanj'^^. Despite these interesting 
features, the El moiwe is not yet widely used in an- 
ticpiieptic drug evaluation but is primarily em- 
ployed Is the search for seizure mechanisms. 

In siunmary. znosr of tbe diverse animal species 
with genetic predisposition to reflex seizures do 
either not show advantages to traditional seizure 
modeU, such as the MES or PTZ tesls, for the 
search of anticonvulsant drugs; or their predictive 
value for antiepiJcptic drug efficacy is not yet 
clear. However, it'should bo emphasized that most 
of the genetic animal models of epilepsy described 
here may provide information about the funda-^ 
mental mechanisms involved in the onset and de- 
velopment of the epilepsies that is inaccessible 
with most other techniques of seizure induction^. 
F\irthermore, the canine and baboon models offer 
unique opportunities for testing the more subtle 
effects of drugs on behaviour in an experimental 
paradigm that mi^t permit more accurate predic- 
tion of drug cfi^ects in man than rodent models. In 
any events ihe application of such models should 
be reserved for drugs with activity previously dem- 
onstrated by testing in standard models in small 
animal species. 

Models with cUctricat or chemical seizure indue-- 
don 

In contrast to the various genetic animal models 
of epilepsy reviewed above, electrical or chemical 
methods to induce seizures use 'normal/ i.e., not 
genetically predisposed, animals. usuaUy mice or 
rats (Table II). Wiih the exception of some models 
of focal epilepsy (e.g., the aluminium gel model), 
electrically or chemically induced seizures are 
models of seizure states rather than models of 
(chrooic) epilepsy. As discussed above, animals 
whidb are not seizure susceptible per se might be 
more responsive to anciconvulsaDts than are sei- 
zure-suscepdble animal species, which may lead to 
an exaggeration of the anticonvulsant potency of a 
new drug. Mevenhejess» with respect to screening 
purposes, electrically or chetnicaUy induced sei- 
zures have advantages co most genetic models. 

Electrically induced seizures. Throe major 
types of electrical seizure , models can be differ- 
entiated*'-^*^'*"; (1) threshold models, in which the 
current (or voltaic) necossary to elicit a minima) 



(clonic) or maximal (tonic extension) seizufe is 
quantitated; (2) the MES test with supramaximal 
stimulation; and (3) focal electrical stimulation, as 
done in the kindling model, in which repeated 
stimulation of a brain re^on with initially subcon- 
vuisive electrical stimulation leads to the develop- 
ment of focal and secondarily generalized sei- 
zures. With the exception of the giirua ^ eje ctro- 
shoclc threshold test, which could not be validated 
as ^mo^l for a specific c l inical seiZui=e"^^ ^^, 
thcsT different models win'be discussed Vn more 
detail in the next sections as-vahiable tools to iden- 
tify drugs with efficacy against generalized tonic- 
clonic and focal seizures. Models which use acute 
focal electrical stimulation with convulsive stimuK 
to induce aflerdiacharges provide a relativeiy sim- 
ple method for reproduction of the ietai phenome- 
na of partial ^ilapsy^'^ but, compared to kindling, 
have the disadvant^c that the ^ileptogenlc pro- 
gross cannot be studied. 

Chemicany induced seizures. Innumerable 
chemicals induce seizures at toxic doses; only com- 
pounds which are of use as tools for epilepsy re- 
search will be discussed here (see Table n). Che- 
moconvukants in<hice seizures after both systemic 
and cenual (e.g., focal) application. The most 
common^ used model with systemic administra- 
tioa of a convulsant is the ^. c PTZ model. FTZ in- 
duces generalized donlc and, in higher doses^ ton- 
ic seizures after different routes of administration. 
Hie seizures are paralleled by spike-wave oom- 
plexea (dome seizures) or sharp hypervynchro- 
nazed poly-spUces (tonic seizures) in the EEG^. By 
means of i.v. infusion, the threshold doses to the 
different eon^onents of FIZ- seizures can be 
quantitated. ConvuUant doses of PTZ after Lp. 
admlttistrmtion arc similar to those after s.c. injec 
tkm, but latency to the seizuzes is somewhat short- 
er. PTZ-ittduced tonic ('nuuEimal') seizures can be 
blocked by those^tiepdepticdzugs which are also 
effective in the M£S test,, whereas ITZ-induced 
clonic seizures are widely used as a model thai pre- 
dicts drugs effective agkinst generalized, seizures 
of the petit mal (absence) type"". The advantages 
and disadvantages of the PTZ model of pedt mal 
epilepsy wili be discussed in the following sections. 

The mechanism of the a>nvulsant action of PTZ 
seems to be related to (he inhibitory function of 
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the Q^urouacsmitTcr ganuna-amioobutydc add 
(OABA). PTZ has been shown to have on afiiDity 
for Che chlorido-ionophore of the postsynaptic 
GAB A receptor ionophore complex and to anUg- 
onize GABAergic ftinction^^. There are joveraJ 
other cojnpounds that act as OABA antagonists, 
«och as bicucuUine, picrowxin, benzylpe^dUln 
and the cage convulsajnt^^, br impair GABAergic 
o«ttrotransmissioii by inhibition of GaB a synthc- 
su (tor exampiea see Table HI) (cf., reft. 86,108, 
110). Seirures w^^masd by these compounds are in' 
most instances similar to those induced by FTZ so 
that these cbemocojivulsanifi do not exhibit advan- 
tages vs. PTZ for drug screening.. In thb respect it 
It ioiaresting to note that parenteraUy injected pe- 
nioQin in cats has b6en proposed as a suhable 
model of petit mal eplicp^^ However, cats are 
loo expensive for large scale studies, such as drug 
screening, and penidUin fiiils to provide a petit mal 
raodcl in rodcnu. Irrespective of drug screcnhig 
purposes, however, -ponv2ls«nis Which impair 
GABAergic nenroTransmission by differential mc- 
dianisms might be valuable in elucidating the ac. 
tion of an anticonvulsant drug on the functional 
pans of GABAergic transmission. This also ap^ 
plies to so-called inverse beozodia^l&e (B2) re- 
ceptor agbnists, such as /?-CCAf, DMCM and FG 
(sec Table II), which bind to the BZ binding 
site of Che GAB A receptor ionophore complex but 
oxert the opposite effects as dinieally used benzo- 
diazepines, such as diazepam^'^**. As. to be ex- 
P^octed, seizures induced by such inverse BZ agon- 
ists 4re blocked by diazepam and related benio- 



diazepines, but interestingly also by valproic add 
at doses much lower than those effective in the 
PTZ test^^'. Besides compounds that induce sei- 
zures via an effect on GABAergic neurouansmis- 
sion, there are several other groups of chcmocon- 
vulsauts which exert seleeUve effect? on specific 
neurotransmitter sy^ijm^ (Tabla U), such as gly- 
cine antagonists (e.g., strychnine), diolinomimet^ 
ic drugs (e.g., pihcarpint) and exdcatory amino 
add receptor Agonisti (e.g., SMDA or NMDLA 
and te^)"^uiai,.,^ compounds are 

vaioable to study seizure mechanisms and the ef- 
.feet of anticonvulsant drugs on these mechanisms. 
However, their predictive value for sp^ciflc rypes 
of human epil^>sy is not dear. Intetestingly, both 
the glycine Jmiagonist sirydmine and the gluta- 
mate agomst NMDJLa (Mmethyl-D4.-aspartate) 
induce seizures that are tnsensirivc to standard an- 
ticpifepdc drugs and it has been suggested that sci- 
Turea induced by these compounds may be.used as 
models to study mechanism^ of drug resistance**. 

Among the miscellaneous coavulsants wich 
other mechanisms of action than those already dis- 
cussed (see Table H), gamma-hydroxybutyric acid 
(QHB) deserves spedal coirunent because sei- 
zurea induced by this compound in different spe- 
des have been proposed as a valuable model for 
pcUt mal cpileps/' A5S ^^^^ adminiitraiion of 
GHB or its pro-drug gamma^butyrolactona pro- 
duces hypenyndironous spikes and waves in the 
EEG which are associated with behavioural arrest 
aod stupor and spontaneous and auditory evoked 
myodonic jerks^*^*. As shown in Table V, the 
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paroxysmal discharges in the ££G can be blocked 
by drugs, such as valproic add, echosuxiifude and 
trimethadione, while phcoytcia is iractive'', la- 
ter estingly, GHB is a mrnor metabolite of OaBA 
in [he brain and recent evidence suggests that 
GHB may have neurotransmitter function of its 
own**'. Valproic acid seems to block the syntheais 
of this endogenous cpilcptogen, ^yhcreby some 
coDvnlsaots, such as 3-mercaptopropionic acid 
and kainate apparently enhance it£ fonnation^'^. 
Deipite the interesting characteristics of the GHB 
model, it is not yet widely used in antiepileptic 
drug research- With respect to the other chemo- 
convulsants shown in Table U, it should be noted 
that the DDr-isduced myoclonus is used as a mod- , 
el of htunan action myocloous and not of epileptk 
seizures'***. 

As already mentioned, chemoconvuisants in- 
duce (foca)) seizures if applied dtrecily onto or into 
the brain, e.g. by intracerebro ventricular injec- 
tion, application onto or into brain cortex and by 
injection into specific subcortical brftin nuclei^''. 
Some examples of drugs which are used in this rer 
sped are shown in Table II, AVhcreas FTZ and pe- 
nidUin seem to induce seizures by antagonism of 
GABAergic foncnon, seizures after application of 
kainau and qwnoUnic acid seem to be* a conse- 
quence of stimulation of excitatory amino add 
(glutaminergic) reccptors*''**^^. . Similar to the 
' models' using s3^^mic administratioa of chemo- 
convuisants, chese focal models thus simplate se- 
lective disturbances of inhibitory and excitatory 
neurotransmisaion which might be involved in hu- 
man epilepsies. 

Topical convulscni matals. Focal seizures can 
also be induced by topical application of certain 
metals, iuc^ as alumtiia crtam (aluminium by- 
drcodde), cobah and tungstic acid, onto (er into) 
the cortex^. More recently it was ihowp that re« 
current seizures can also be induced by the injec- 
tion of ziron into the brain cortex"". Topical con- 
vulsanc metals have proved popular because they 
pro^de a model for ' relating neurochemical 
•changes wiUi seizure states over time". With co- 
balt, for example, there typically is a period of sev- 
eral' days before seizures are prominent, a period 
of several days of intense seizure activity, and a 
period of dedining seizure activity.' Neurochemi- 



cal studies on tliesc models have provided evi. 
dence that GABAergic inhibition is unpaired at 
focaJ- sites, which could explain the convulsant ef- 
fect induced by these metab^'. Of Interest in this 
respect is that impaired OABAergic traifsmission 
at focal sites bos also been found in patients with 
femF>^ra] lobe epilepsy^*^* which suggests that 
GAB A impairment Is a hallmark of seizure foci. 
However, it should be considered in this respect 
that topical convulsant metals produce severe 
damage at sites of application which could account 
for loss of both excitatory and inhibitory synapses. 
Similar to human focal epilepsy, the convulsant 
motal models, cspedaUy those using tungstic acid» 
are relatively resistant to antiepileptic drug thera- 
py. However, none of these models is widely used 
as a screening model for antiepileptic drug devel- 
opment, although the ahiminia cream model in 
monkeys {Mococa mulatto) is now employed in the 
NINCD5 program to evaluate candidate drugs 
which have successfully passed all sequential test 
phases of the preclinical screening programme-''. 

It should be noted that epileptic cortical foci can 
also be pniduced by briefly /re^zmg a small area of 
cerebral cortex^; 

jsreur&physiirtagttalrmadds: 'At the ^ of this 
brief survey of animal models, more sophisticated 
neurophysiological seizure models deserve consid- 
eration. In these models-, single neurones (in intact 
bram^ brain slTces or tissue culture) are made 'epi- 
leptic* by micrbiontophoretic application of con 
vulsants, electrical stimulation or by other means 
of initiatioo of membrane hyperexcitation^ puch as 
dearrangement of extracellular ionic environ- 
„^^»A«o.2«4W -jj^ tpodeU allow the study of 
aeizure mechanisms and antii^ilepiic drug actions 
at the neuronal level and can thus be tised to iden- 
tify new drugs with selective effects on neuxonal 
processes; however, they do not snbscicute 'whole 
animal' models for specific seizure types-. Further- 
more, it should be noted that elcctrophydological 
studies often are carried out in preparations froni 
non-mammaZian species, such as snails (Aplysia 
caiifbntica, Helix pomatia), squids,' leeches, cray- 
fish or frogs^'*\ TThe transferability of data ob- 
tained in such species to mammalian central neu- 
rones IS not easy to jud^e, especially when pe- 
ripheral nervous tissues, su^ as ganglion cells, are 



J i ll J ^ 



RECEIVED TIME DEC. 12. 12:51PM 



4 at 
It cf. 
this 
siou 
witb 
Chae 
foci- 

p6ct 

zero 

>unt 

ses, 

;ant 

dd, 

5ra- 

sdd 

i^el- 

I in 

the 

ugs • 

.est 



I of 

bb 
:cd 
Id- 
act 

P»- 
•n- 

as 

n- 
of 
as 
ri- 
al 
(s 
r* 
\l 
n 
a 



.used in respective electropbysiologicai prepaia- 
tions. In any ©vent, these preparations provide in- 
foimation on the subtle effects of aniiepileptic 
drugs on excitable tissues chat is inaccessible with 
moit other techniques used in char«icterization of 
new anticpilepric drugs. 



MODELS PROPOSED FOR THE SEARCH 
AND DEVELOPMENT OF ANTIEPILEPTIC 
DRUGS 

AoLxnal models for antiepilepiic drug discovery 
and deveJopmcnt should ftUow Urge scale cva^u- 
arion of drugs in a atandardized, consistent man- 
aer. Thus, the models which will be proposed in 
ihe following arc a compromise between the selec- 
tion criten* for ideal models described at the be- 
^nning of the preceding aectioa and the necessity 
of using models which are generally available have 
been validated and can be performed with ease. In 

TABLE rv 



order to minimize the possibility that an interest- 
iog new anticonvulsant drug is missed, not only 
models with supramaximal seizure induction, such 
as the commonly used MES test,, or models with 
administration of fixed dotes of a chemoconvul- 
$ant» auch as the s.c. PTZ tost, should be used but 
•also threshold models, in ^'ch the effect of the 
drug on seizure threshold of an individual asitnal 
(or group of animals) is dciennioed instead of 
using a fixed electrical or chemical s^izMxt stimu- 
lus which ignores individual differences of anhnals 
in terms of seizure susceptibility. By compaiison 
of drug effects in threshold and (supra)maximal 
models it can be differentiated if andconvulsant 
activiiy results from the elevation of sei^mre 
threshold or from other mechanisms , such as re- 
duction of seizure sprcad*^^. Furthermore, thresh- 
old tests allow detection of proconvulsant effects 
of a given drug. As emphasized in the Introduc- 
tion, not only models of generalized seizures 
should be used, but it is necessary to include at 
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TABLE V 

CUtmpwison ofn»nconvutsa/upQfency of common amitpileptic drugs, and xom£ CABAmimtdc ftrufS in different animal modetg ofpnU J 
tTUtlsCiJurms . , , - 

In rac with rpontancous petit m$i Mizurcs, EOjs ' (tKMC aoses whidt dtcreue by 50% ib« duniian o( spikc/wftve difchArtca ia the 
, 60 min pcrlad tftcr drug vdmfiufcratiod. In lottcrilif mice, effective docM irc those whlcb dccrcoo thp number of spike-«v«ve dts. 
chftTfioa. lo the GHB model in rsts. effcctivft dosst arc thoao ^Mch compktcty asUfODtxed paroxysmal £EC activity (cvocpt fcr phc 
nobaurbful, ^^hich at ifae dose indicsicd coimieracted teiTure actiWty tn the EEQ la oAJy 30% 6f the axiimals). Spike-wave diRchvies In 
geueticaUy prediiposed rau ai^rt rottenng niice are aocooipanied by a auddco arxost In movement, tv^tcbins af the vibn'MiAe and single 
myoclonic jerks efface, head or neck. In (he OHB model, paroxyiiDal EEC activity U accompaotsd by behavjoixr^I stx^er and'myo 
donic jerk^. Abbrevfatioas: PT^, peplyicnoxetrazol; GHB; £Kmma^hydmxybucyHc acid; NE, not effective: THfP. 44,^,7-tetrahy- 
diT>woxa2olo(5.^-c)pyridire-3-ol. Data are fiom rafs. 35, 43,* 46, 79, 06, 103, 116. 117, 122. 141 , 158 and Table TV. 
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duced PTZ fteirorac in TKU^. 



least one mode) pf focal seizures in aatiepileptic 
drug development. Based co phannAcologicfli val- 
xdacion of the diverse focal seizure models, the 
kindling model was chosen for this puzpoflt. We 
also need models for drug'-resistant settzure types, 
such 8s myocJonic asTatic seirusroa or infantile 
spasms^ but do specil&c models for these sei^re 
types are available yet. Two species, i.e., mice aad 
rats, are used in the models proposed in the follow- 
ing since, as will be illustrated, potentially useful 
compounds may be n^issed if only one spedes is 
used in preclinical evaluation. Fonhennore, as 
shown in Tables lY an V, active doses of antiepi- 
leptic drugs in rats do more closely reflect the clini- 
cal potency of the respective drugs than thos* in 
txuce. Not only models for ajiticonvulsant activity 



should be used in the sariy phases of drug develop* 
ment but also modeb for detection of central side- 
effects, in order (1) to dclermine if the aniiconvuj. 
sant ^ctioh of a test compound is a selective effect 
or Is only secondary due to other e&ccs, such as 
impairmenL of motor function, and (Z) to deter- 
mine the spread between doses with anticonvul- 
sant action and those which induce uadcsired side- 
effects. The models which we propose for these 
different aspects of antiepileptic drug evaluation 
ve shown in Table XI. 

Threshold for maximal (tonic extension) dearo- 
convulsions in mica 

This is a scnsidve test co determine the ability of 
a drug to aher the seizure threshold lor tonic limb 
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extension"^. AntiepUepnc drugs with clinical effi- 
•xacy against generalized lonic'donic seizures all 
. -iDcrease this threshold, whOe drugs ^ such as ctho- 
suxixnide and trimeihadione, which arc dinically 
ineffective against this seizure type, do riot in- 
crease the threshold in Bon-toxic doses (sec Table 
IV). This test thus predicts drugs effective in gen- 
eralized seizures of the sr^nd mal type and is much 
more sensitive in this respect than the traditiooaj 
MES test with suprainaximal seizure induction. 
Electric stimulation is applied via corneajl or ear 
electrodes with a stxmulatDr that either delivers 
- constant current or constant voltage ai a frequency 
\^ of 5O-6Q/S0C. A stimulus durattoo of 0.2 sec is 
commonly used. Both sinusotdai or rectangulsx 
pulses can be used for stimulation, altboufib the 
laner are more efficient in prdduong seizures. An 
nnportant point is the internal or serial resistance 
of the stimulator which should be chosen in consid- 
'4&ration of the external resistance of the animal 
iCabout 5 JcQ). We usually switch the serial resis- 
• Y^inee of the atironlator to 10 kQ for both mice and 
'"iats. With constant current stimalators, it is advan- 
■^eous to use a powerful apparatus with self-ad^ 
*)asting stimulus voltage (according to the imped- 
. '^ice of test object), thus ensuring the application, 
•6f the present curreot. The threshold is usually de-. 
"^UtrmtA as the current or voltago Indudng hind 
ifiBMfias^btf$»5Q9&r of4hfefinteals. In rat strains 
''In which hind limb extension eannot be induced re- 
^* -liably by electrical stimulation, forelimb extension * 
P «an be used as an end-^point. The CXl^ (convulsant 
."Surrent in 50% of the anifnals) or CV^ (conVul- 
«ant.voltage in 50% of the animals, also deslj^nated 
•i&s BV^) can be deternuncd from current (or volt- ' 
%ge)-tffect curves corresponding to dose- effect 
^rve deieiminations^ by using 8-10 animals per 
'stimulus intensity. Much less dme and animals are 
needed for threshold determination by so-ealled 
'up-and-down* methods"*-" by which the EV^ 
atid confidence limits for 95% probabihty can be 
.determined in a single £roup of 15—20 animals. 
Tpie principle of these methods is that the stimulus 
v^htcinaity for each atumal is detemufied by die re- 
nse'of the animal just tested. Thus, stimulus in- 
ty is increased to the next pre-fixcd higher in- 
QT if the previous animal fajlcd to exhibit a 
seizure and to the next lower increment if the 
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animal exhibited a seizure. Tl)e £V^ can than be 
calculated mathemadcaily by the positive (tonic 
seizure) and negative (no tonic seizure) responses 
obtained within the groap of animals^. Statistical 
tests, such as Student's / test, can b6 used to calcu- 
late the significance of dru^ effects. For compari- 
son of drug ififfects, it was suggested to calculate 
the dose which elevates thi tltresbold by 20%***, 
which can be done by plotting the doses of the re- 
spective drug against the percentage ihrcsKold in- 
crease on a semilogarithmetical scale^. Respec- 
tive doses of antiepileptic drugs are shown in Table 
IV. Since the control threshold in mice varies as a 
result of age and daily (circadian) or hormonally 
induced rhythms » control threshold determina- 
tions should be undertaken on each day parallel to 
threshold determinatioiis in dxtkg-treaced ffmmals. 
Control thresholds in mice are about 6-9 mA or 
90-140 V, respectively, depending on strain, age 
and method of stimulation (thresholds determined 
via ear electrodes are somewhat lower than those 
Aetermioed via corneal electrodes). If animals are 
used more than onoe,* the post-tctal rise in seizure 
threshold should be eonsidered. If determined not 
au>re than onee daily, the seizure threshold is re- 
markably constant. 

Tlirtshold for cionic seixurts afur Lv, ijujiision cf 
PTZimmce • 

In this test, thned hitravenous infusion of FTZ is 
used to calculate the threshold dose of FTZ which 
induces a clonic lexcure. When FIZ is adminis- 
tered by contfnoous i.v. infasioD« overt seizure ac; 
dvity appears as follows; the animal first exhibits 
one or more isolated jerks ('first twitch') immedi- 
ately followed by a generalized clonic seizure* with 
loss of righting reflexes and, after a certain fUne 
lag. by a maximal tonic-elonic seizure. All 3 sei- 
zure components have been used as end-points in 
the evaluation of anticonvulsant drugs by this 
test'^'^, but ii should be noted that the thnc to the 
onset of tonic activity is oftco variable and thus 
less sulied for drug evaluation. Threshold doses of 
PTZ for the different seizure components depend 
on the rate of infosion and rhc concentration of 
PTZ in the solution^ ''*. With infusion of a X% so- 
lution at 0.3 ml/min, the threshold dose for the 
generalized donic seizure with loss of righting re- 
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flexes (the most reliable cnd-pouii) is about 50 
zng/kg, thac for the maxiinal tonic-clonic seizure 
about 90 ing/kg. Since even brief physical restraint 
lowers seizure threshold, methods to allow infu- 
sion into the tail vein of tmrestricted freely moving 
mice should be used^. Eight to 10 animals wre 
used per threshold derennination. The threshold is 
calculated as mean dose (± S.D.) of PTZ that in- 
duced the seizures in the group tested. The i.v. 
PTZ threshold test for clonic seizures is a sensitive 
measure that s^cos to predict drugs effective in 
generalized seizures of the petit mal type, which is 
illustrated by -the efficacy of ethosuximide wA val- 
proic acid and the incfficacy of phenytoin and car* 
bamazcpine in thit test (Table IV). In this respect, 
the i.v. PTZ threshold test is a ix)ore sensitive pre- 
dictor than is the s.c. PTZ test, as win be seen later 
in this review. 

Maximal eUctroshock seizure (MBS) ttst in mic^ 
and rars. 

The same stimulation device that is used for de- 
terminaixoD pf the M£S threshold cad be used for^ 
this test, but the strengtli of the stimulus should be 
increased to at least 2 (but better 4-5) times the 
threshold current. All animals are stimulated with 
the same supramaximal current strength. With 
constant current (50~60/sec) stimulators, 50 mA 
sbould be u$ed for mice and 150 mA for rats***' 
l&5.ifie ^^jj constant voltage stimularoxs, at least 
250 V sbouJld be used for mice and 750 V for rata 
(threshold for maxsmal seizures in rats is about 
250-:350 V or 20-50 mA, depending on strain and 
age). Especially in rats» control determinations 
are necessary ^^ecause some strains (and old ani- 
mals) are quite resistant to ttlectrosbock scimula* 
tien. When necessary, foroUmb extenaion is an al- 
ternative end-point. TIm stimulus b applied via 
corDeel or ear electrodes for 0.2 seo. For resis- 
tance of the apparatus see above. If a lower sdmu- 
lus strength than that indicated above is used, the • 
test is not longer supramaximal and data obtained 
in this way are not longer comparable (efficacy of 
anticonvulsant flrugs increases with decreasing 
stimulus strength).' Anticonvulsant potency of ^ 
drug in the M^S test is determined by calculation 
of its anticonvulsant EDjq for suppression of tonic 
hind limb extension. Groups of 8-10 animals are • 



used per dose and the ED^ is calculated from the 
dose-affect curve, c,g., by the method described 
by Litchfield and Wilcoxon^. The MES test is 
probably the best validated test that predicts drugs 
effective in generalized tonic-clonic (grand mal) , 
seizures. As shown in Table IV, drugs, such as 
phenytoin, carbamazepine, phenobarbital and pri- 
midone are highly active in this tcstj while echo- 
fiU3timide is ineffective. However, due to ths 
strong seizure stimulus, the test may yield false 
negatives (see discussion of GABAmimetic drugs 
below) in that potential ;.climcaUy effective antl> { 
convuisaots are rejected at an early State of devel- 
opment. This can be avoided by parallel use of the 
* MES threshold test described above . 

J, c. PTZ test in micM arid rats 

In this test, the s.c. CD 97 (convulsive dose in i 
97% of the animals) of PTZ for induction of clonic 
seizures is administered (approximately 10 minj 
before the anndpated tini^e of peak anticopvxdsant { 
drug activity) and animals are observed for 30 min ( 
after PTZ injecton for the occurrence of donic] 
soizures^** ***-^*. As end-point, either the first cpi- 
sode of clonic jerldiig which points for at least a 5] 
sec period (a 'ti&r^old seiztire*) or (possibly morel 
rehabl^. in gross screening) the first clonic seizure ] 
with loss of righting reflexes is taken. Transient I 
myoclonic Jerks are xM>t considered as oonsdtuting J 
a convulsion* Doses to induce clonic seizures may J 
vary from strain to strain^ bur are in most instances ] 
about 70 in rats and 80-100 mg/kg in mice. , 

Control determinatiocts (or better determination | 
of CD 97) should be done, especially in rats, prior { 
to dnig.efSpu}y experiments (at least once). Antl- 
oonvultant £0^ for suppreacion of clonic sei* | 
zurcs (either threshold seizure or cionie seizure j 
with loss of righting reflexes) are determined by 
using 8r-10 animals per dose. EDjo is thee calcu- 
lated from the respective dose-effoct curve^. The 
S.C. PTZ test is widely us^ as a standard model for 
petit mal epilepsy. As shown in Table IV, ethosux- | 
imide, valproic acid and the t>ezaodia2«pines are 
active in this test^ while phenytoin and carbamaze- 
pine are not. However, it should be noted that 
phenobarbital and primidone block PTZ seizures ( 
much morp potently than do ethosuximide and val- 
proic add , which might suggest that the PTZ test i 
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rortJi the I ^roo^lel for Tnyoclooic rather thau absence sei- 

•3cdbed ^es (see detailed di&cussion in the last sectioti of 

test is fitus review). There are several other (chronic) 

t$ drugs niodeU of petit mal epilepsy that may be be tter 

nd xnal) i uiied as peiir mal models than the simple PTZ test 

such as (see Table V). However, although the s-c, PTZ 

and fwri- \ test is certainly not the best availabk model of pe- 

lo etho- : lit mal. for the sake of simpEciry it is still proposed 

to the \ as a sereeoing aiodel. Litoitations wilh respect Co 

!ld lalse : resuitfi obtained wilh GABAmimetic drugs in this 

icdjwgs test will be discussed later in this review, 
vo axxti- 

3fdevel> ' Amygdah-kindling model in rats 
KS of the ' k The kindling phenomenon is a manifestation of 
' the fact that 'epilepsy induces epilepsy^. Evident- 
ly through a kind of po^txve feedback me9ha- 
lusjjis, a local epileptiform discharge, confined ini- 
dosein ' tially to a small focus or network, tends, if not dis- 
of clonic . turted (e.g., by treatment with antiepileptic 
10 mic drugs), to spread in space. and severity. Ooddard 
«vubant et al.^ characterized this phenomenon in detail 
irBOmis Jand in a systematic manner, which they came to 
of clonic ; ^dfey to as 'kindling * Animals chronically im- 
fintt epi- j pUnted with stimulation and recording electrodes 
: least a 5 in one structure of the limbic system or other brairf 
Uymoro areas (the amygdala being ihe most responsive 
c seizure structure) develop seizures upou periodic electri- 
riaasi^t cal stimulation with an initially aubconvulaivc cur- 
istltutioi tent. For stimulation^ eitiier a fixed current 
ures may strength is used (e.g»» 400-500 ^A 1 msec mono- 
instances phasic square-wave pulses for 1 sec with 50 or 
;ioini£e. V6(Vsec) or the individual threshold current to in- 
mination duce afterdischarges at the site of stimulation^ In 
au. prior iny event, the electrical stimutus must induce local 
e). Anti- -afterdischarge in order for kindling to develop. 
jQnic sei- Daring repeated (usually onco daily) stimuIatioD 
c seizure of thc amygdala with this current seizures develop, 
nioed by -^hich generally evolve through the following 5 
encalcu- classes*^; (1) immobility, eye closure, twitching of 
ve^. The vibrissae* stereotypic sniffmg, (2) Yadal clonus 
nodelfor (e'-g., chewing) and head nodding, (3) unilateral 
. ethosux- foreHmb clonus (contralateral to focus). (4) rear- 
pines are tng, often accpmpanicd by bilateral forelimb do- 
ibamaze- * nos, and (5) rearing with loss of balance^ and fall- 
oted That ing accompanied by generalized clonic seizures. 
I seizures All of these classes are associated with reduced re- 
e and val- spbnsiveness to sensoiy stimulation in comparison 
TZ test is to>the normal waking state. The behaviour ob- 



served ip classes 1 and 2 mimics that found in hu- 
man complex pardal (limbic or temporal lobe) sei- 
zures wliich, as amygdala-kindled seizures, most 
often prigiiiate from foci within the limbic system 
(including the amygdala); dass 3 is stHl a focal sei- 
zure, which mimics a simple partial seizure in hu- 
man epilepsy, while the latter 2 classes represent 
secondary generalized motor seizures*^. Once the 
enhanced sensitivity (as evidenced by class 5 sei- 
zures} has developed, the animal is said to be fully 
kindled. Tie increased sensitivity persists for at 
least months after kindling has been established 
and thus appears to reflect persistent changes in 
brain function. 

Most kindling experimenU are terminated after 
eUcitation of a single or several class 5 motor sei- 
zures. Pmel and Rovner'" found, however, that 
continued periodic stimulation of the amygdala or 
other brain regions of the rat leads to ipontaneous 
motor seizure^. Among those manifesting at least 
3 spontaneous class 5 seizures » the occurrence of 
spontaneous seizures perstsied for as long as. 7 
months following, termination of the stimulation » 
suggesting that epilepsy with spontaneously recur- 
ring seizores was induced. Spontaneous seizures 
induced by kindling have also been identified in 
other species, including baboons, cats, and 
do6s^«. 

Engei and Cahan^ recently reviewed tlie poten- 
tial relevance of kindling to human partial epi- 
lepsy. They pointed out that there is no evidence 
from clinical data to evoke kindling mechanisms as 
a means of creating an cpxleptogcoic lesion. How- 
ever, progressive changes in human brain can be 
demonstrated that could possibly bo explained by 
kindling in the human brain. For instance, trans- 
synaptic electrophysiologieal changes are similar 
in amygdala-kindled animals and in human limbic 
epilepsy and initial behavioural manifestations 
suggest the same structures (amygdala and hippo- 
campus) are involved. 

Procedures and mccbafxisms of kindling have 
been reviewed in 3 vojuracs**^^** and various rc- 
^^^,ts..«ii<to,m,i?i Kindling is a relatively Ume- 
consummg procedure as it requires the chronic iin- 
plantation of stimulation and recording electrodes 
and regular electrical stimulation (with once daily 
amygdala stimulation approximately 10-15 days) 
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till csiablishmeat of fully IdncUed sciznrcs, which 
u5u«Jly are uken for aniicpneptic drug evaluation. 
If «nimalfi are kin<Ucd too rapidly (e.g., by several 
stimulatiom per day), the po»l-ictal. refraclory 
state produced by cach stimulfttion intaifcros with 
kindling acquisition*'. Furthennore, if the recov- 
ery period a£ter electrode implantation is too short 
(Icsa than 1-2 weeks) » the seodtivity of the ani- 
mals to kindling is towered. 

Tlie kindlxn£ model has the nicrit thai the effica- 
cy of the drug against the progressive process lead- 
ing to cpileptogenesis as well as against the folly 
kindled stare can be zneasxxred. Furthermore » in 
Itilly kindled animals effects of drugs on seizure 
tbrechold (about 50-lOOyttA in amygdala-kiodUd 
rats if kindHng was accoTzrplished by once daily 
stimulatioa) and seizures induced by suprathreah- 
old stimulation (e.g. , by SOOjiA) can be compared 
ss a means to differentiate between drugs which 
increase seizure threshold and those whidi act by 
limitation of seizure spread. Besides effects on sei- 
zures induced by threshold or suprathreshold stim- 
ulation, 4 different measures for drug efQcacy can 
be recorded in a kindled anima]: (1) seizure laten- 
cy (time from stimulation imtil the first sign of sei- 
zure activity), i.e. , a measure of the xatc of seizure 
spread from the focus, (2) seizure severity (graded 
according to the 5 classes described above). (3) 
seizure duration, and (4) afterdischarge duration, 
i.e., a measure of limbic electrographic activity re- 
corded from the focus. An added advantage is that 
by use of this model chronic drug efficacy studies 
can be performed with small groups of animals, 
because in fuUy kindled rats daily stimulation is 
possible without altering the seizure parameters'^ 

Using suprathreshold stimnlaiioD in fiiUy amyg- 
dala-ktndled rats, 2 different approaches for eval- 
uation of .drug' effocts on kindled seizoze activity 
are possible**: the usual approach is to measure 
the .effect of the drug on mean latency, severity, 
and duration of the behavioural seizures as well as 
mean duration of amygdalar afcerdischargcs in a 
group of 8-10 animals. Readings after single dose 
drug administration are compared with control 
readings* taken 2-^3 days prior to and/or after drug 
injection. Data calculated by this approach do not 
allow to differentiate between drug activity on fo- 
cal and generalized components of the behaviour- 



al, seizures. The second approach is to determine 
separate ED^q values for total suppression of .(i; 
generalized seizures (class 4 and 5)„ (2). focal sei- 
zures (class 1-3), and (3) akhygdalar afterdis- 
charges. When »niwnaU are tested by the second 
approach, the generalized Seizures provide a valid 
model for the secondary generalized seizures of 
partial epilepsy, while the focal components of 
kindled seizures provide a suitable model for com- 
plex partial seizures^. Anticonvulsant 
values obtained against the different seizure types 
can be easily compared with those obtained in 
other models of epilepsy. A respective comparison 
is po^ble in Table IV and Fig: 2. The drugs o£ 
choice' against oomplox partial seizures in man, 
i.e., phenytoin^ carbamazepinc, primidone and 
pbenobarbital, are also effective in blocking focal 
seizures in the kindling model, although it should 
be noted that primidone, due to accumulation ol 
its metabolite pbenobarHtal, is only active aitei 
prolonged administration (L6scher, in prep,), 
More recent experiments with phenytoin showed 
that while the drug is effective in blocking focaj 
amygdala-kindled activity m rats, some animals 
are totally resistant to phenytoin's action, al- 
though plasm* levels of-tbe drug are the same as in 
animals in which the drug is efiEective (Lfischer, ii\ 
prep.). Such animals represent ideal models foi 
the study of mechanisms of drug resistance, 
shown in Table IV and Fig. 2, valproic add is als< 
effective in blocking kindled focal seizures. Clini- 
cally, valproic add has been shown- to bo as effee- 
tive as carbamazepine^ and phenytoin'^ for par- 
tial seizures in previously untreated patients wit! 
epilepsy, while valproic acid seems to be less effec- 
tive for chronic epilepsy with complex partly sei 
zures* Bonzodiaxepinefl axe not able to blodc foca 
kindled seizures completely, but they reduce sei- 
zure and' afterdischarige .duratiOD^. In contrast 
ethostndmide is totally ineffective against kindlec 
focal amygdaloid seizures^ (unpublished data OJ 
LOscher). In terms of £D^ values, caxbamazi 
pine, phenytoin. and phenobarbital were mud 
less potent in blocking focal seizures than in block- 
ing generalized motor seizures (Table IV and Fig< 
2). Similar data have also been reported by Al- 
bright and Burnham^. These data are thus consist | 
tent with the clinical findings in that complex par 
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tia] seizures are niore resistant to antxepijeptic 
! drnfi rreaimciu than aje generalized selTures**". 
As shown in Fig. 2. the secondary generalized 
kindled seizures were also less sensitive to these 
drags than primary generalized (MES) seizures. 
These datft suggest that the kindUng preparation i^ 
useful in finding new antiepDeptic drugs with bet- 
ter cfGcacy against temporal lobe epilepsy with or 
Without secondary genera lizacion. 

Ottenmnation of * neurotoxicity' in mice and rats 
' Acute Toridty from antjcpileptic drugs in ro- 
dents almost invariably is manifested by neuro- 
logical deflcitts. These include sedation, altered 
motor activity, ataxia and impaired righting re- 
flexes. These effects of antiepilcptic drugs are of- 
ten summarized by the term ^neurotoxicity,' 
*hich, however, is somewhat misleading, since 



the sedative/hypnotic effiactfi of some antiepOeptic 
drugs, i.e»» phenobarbital and benzodiazepines, 
are clinically utilized ; MinimaJ neurological dec- 
eit, such as impaired motor function, can be de- 
"^ted and quancitated by standardized tests, i.e., 
by the roiarod tcst^, in whicb the animals are 
placed on a rotating plastic rod (which rotates at a 
speed of 6 rev/min for mice or approximately 8 
rev/min for rats; rods of different diameter have to 
be used for mice and rats), or by the chimney test', 
m which the animals have to climb up backwards in 
a glass or plastic tube (25 cm length and 3 cm ID 
for mice of about 25-30 g or 50 cm length and 6 cm 
ID for rats of about 200-300 g). Neurological defi- 
cit in the roLsrod test is indicated by inability of the 
animal to maintain its eqailibrium for 1 min on xht 
rotating rod or^ in the chimney test, by the inability 
of the animal to climb up backwards in the tube 
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within 30 sec. The mediao minimal 'neurotoxic' 
dose (TD^j i.e., the dose which induces minima] 
neurological deficit in 50% of ihe animals, is de» 
cermined by coostruction of dosc^-effcct curves 
using S-10 animals per dose^. Both tests give sim- 
ilar TDjo values for a respective compound. An al- 
ternative tec^ique for determination of impaired 
motor function, i.c:, the 'inverted screen lest' 
(which evaluates the number of mice which cither 
fall off an inverted screen or do not climb to the top 
of the screen within 60 sec after inversion), has 
been described by Coughenor et al.'^- 'Protective 
indices* for anticonvulsant drugs are obtained liy 
calculating the ratio between TD^ and anticoovul- 
sant which reflects the spread between the 

median effective dose and the median minimal 
neurotoxic dose**. As can be calculated £rom the 
data in Table IV^ protective indices for dinicAlly 
used antiepCieptic drugs detennined after parente- 
ral (i.p.) administration vary between about 2 and 
60, depending ou drug, species and seizure test 
used. New antioonvulsant druga which in mice and 
rats exert anticonvulsant effects only at 'neuroto^c- 
ic' doses (EDjQ > TD50) are considered as non-sc-^ 
lective and should not be ^ proceeded to further 
evaluation. For a promising test drug, additional 
tests to determine the acute* to:ddty profile have 
been described elsewhere**^, ' 

Further (more specialized) models if test drugs look 
promising 

Drugs which have shown aaticgnvulsani activity 
at noD-toxic doses in the tests described above 
should be ftirther characterized in more sophisti- 
cated models (sec Table II), sudi as. epileptic 
strains of animaU and chendcal or neUTopbysv> 
logical models, to delineate more predaely the an- 
tiepileptic potential of the candidate substance 
and to obtain some insight as to Its possible mecha- 
nism of action. The choice of models will depend 
on the anticonvulsant profiie of the candidate drug 
at this stage. Informarion obtained in ihc models 
proposed above and eventually also in additional 
models must be carefully reviewed before one ,?an 
determine if the accumuUted experim&otai data 
are su^denily promising to warrant moving th^ 
candidate substance into costly pharmacokinetic 
and chronic toxicity and teratogeoicity studies. 



How dru;^ which look promising in preclinical 
evaluation systems can eventxially be evaluated 
clinically has been proposed elsewherel^^. Some 
additional points which are important in the pre- 
clinical evaluation of antxepxlcptic potential of a 
test drug are delineated in the fbllowlAg. 

Parenteral oral administration 

Qinically established antiepileprics are usually 
given by the oral route of administration. Conse- 
queotly, newly developed drugs should be active 
after oral administration. However, preclinical 
testing should be started 'with parenteral, usually 
intraperitoneal, administration and only in case of 
activity by this route the effipacy of the compound 
after oral adTyiioistration should be studied. Bio-, 
availability after oral administration is then rQ*- 
fleeted by the ratio between oral EDjq and i.p. 
ED^g. It should be noted, hpwever, chat in case of 
marked first pass metabolism, bioavailabibty will 
be low after both oral and i.p. administration. 
Many compounds are not adeq\xateiy at^sorbed 
from the gastrointestinal tract when oraOy' admin- 
istered in small animal species in aqueous solutiou 
or other simple vchidcs^ but in several instances 
absorption can be^-cnltanced pharmaoeo^cally by 
altering the formulation tn which the drug is given.. 
Development of respective preparations may be 
txme-cottsuming and is only warranted if the drug 
is active aft^r parenteral injection. Some of the an- 
depilepdc drugs shown in Table IV are also only 
absortTed to a limited extent ftom the gascrointe^- 
nal tract of rodents when given in simple aqueous 
solution; examples are phenytotn in rats^ and val- 
proic add in mioe*^. Since with such drugs the oral 
bioaviulability may bQ negativejy correlated with 
the dose administered, false condusions with re- 
spect to protecdve indices aftor oral administra- 
tion may be drawn. For inscanoe, for phenytoin the 
ratio between the i.p, TD^q and ED,^ by the MBS 
test in rats is 9.2 (Table XV), whereas after oral ad- 
ministration this ratio is higher Than 100, t>ecause 
phenytoin is adequately absorbed after the rela- 
tively low antieonvulsant doses but bioavailability 
markedly decreases at ^ high doses administered 
for neurotoxidty testing^*^. False condusions from 
such daia can be drcumvcnted by plasma level de- 
cerminations after i.p, and oral administration. 
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' Time of peak drug effect 

This should be established as early as possible, in 
■prechnical testing to avoid false cooclusions in the 
different aBimal models. For exaniple/phcDytom 
was initially thought to be ineffective in the 
kindling model*****. However, in these studies phe- 
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nytoin was tested 30 min after administratton. 
More recent studies, in which the efficacy of the 
drug ixx the Idndling model was examined at lime of 
peak drag etfect In rats (I h) disclosed significant 
anticonvulsant potency, as could bo ejtpcctod froro 
a model of. focal epilepsy*^. Another example is 
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Anticon\*ulteni potency ofn^w entleonvulsanr drugs n*ht<h pratima^fy act pofkntMcm ofCABAtrgic tr^ruminion 
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valproic acid, which is usually administered 0.5-1 
h prior to anticonvuliant testing, but time of peak 
drug effect after i.p. injeaiQU in mice and rals is. 
between 5 aod 15 tniii^. In order to avoid underes* 
tixnation of drug efficacy* all anaiy^ci should 
therefore be conducted at the tixne the candidate 
drug exhibits peak activity. Peak activity may be 
determined by any of the models proposed above 
(also those for minimal ncurotoxicicy). For in* 
stance, if au ED5Q or TD50 has already been deter- 
mined (this is often.done 30-60 min after i.p. in- 
jection), this .dose ts rhen given to several groups 
of S-rlO mice or rats and 1 grotrp is subjected^ the 
respective test ai each 0.25, 0.5, 1, 2, 4, 8, 16 and 
24 h after dru^'^duunustration until the time o£ 
peak effect has obviously been passed. With some 
newly developed drugs, e.g,, vigabntrin. peak drug 
effect in some models is even not reached within 
24 h after single-dpfte administration^! An added 
advantage of detcnnination of time of peak drug 
effect is that information on the duration of anti- 
convulsant action of a test drug is obtained. 

Acute vs- fubchronic tjjtcacy testing 

With promising candidate drugs, also subchxonic 
ef&cacy studies with at least 2 weeks of daily ad- 
tninistration should be undertaken. The reason for 
this is at least 4-fold: (1) With some drugs the anti- 
convulsant efficacy increases during prolonged 
treatment; examples are primidone (due to accu- 
mulauou of phenobarbital), valproic acid (reasons 
axe unknown) and &e aew antiepileptic drug v|g»- 
batrin (due to accumulatipn of GAB A by irrevers- 
ible inhibition of its degradation). Consequently, 
determination of acute potency of such drugs un- 
derestimates their potency duriitg prolonged treat- 
ment and, in case of test dompounds, may thtis 
lead, to false decisions whh recpect to fUrther de- 
velopment. (2) With some drugs, especially ben- ' 
zodiazeptneSy the anticonvulsant efficacy de^ 
creases dunng prolonged treatment due to devel- 
opment of adaptive processos ('functional toler- 
ance') in the brain. Tolerance is clinically advanta- 
geous when it concerns the sedative or muscle re- 
laxant side-effects of anticonvulsanc drugs but dis- 
advantageous when it involves the anticonvulsant 
effect itself. In mice and rats, tolerance to the anti- 
convulsant effect of benzodias^epinea con be dem- 



onstrated with any of the models proposed above 
for acute studies within l-'2 weeks of administra- 
tionf^*!*. (3) Subchronic ftdmin^cration may give 
indices for the possible development of drug de^ 
pcndence when the animals are closely observed 
(body temperature, body weight, seizure thresh- 
old, etc.) for some days after drug withdrawal. (4) 
By use of models, such as kindling, in which tlie 
progressive process leading to epileptogenesis.can 
be studied, subchronic treatment may idennfy 
drugs that provide prophylaxis against the devel- 
opment of epilepsy following head injuxy. 

For subchronic efficacy testing of anticonvulsant 
drugs, it' is especially important to consider the 
pharmacokinedcs of the respective drug in the 
species used. Many drugs are eliminated much 
more rapidly in rodents than in man so that for 
mAinfenance of active drug concentrations oit|lcr 
the drug has to be administerod several times daily 
or special administration techniques have to be 
used, such as constant rate applieation via subcu-* 
taneously implanted osmotic minipumps or subcu- 
taneotis injection. of special depot preparations. 
Admintstration via the drinking water is not ad- 
vantageous for drug^ with short elimination half- 
lives, because rodents ' drink mostly during the 
night so that drug levels during day time may be 
too low for chronic efflcacy testing: For drugs 
which are eliminated not too rapidly, however, ad- 
ministration via the drinking water (or food) may 
be a very convenient way of prolonged drug appli- 
cation. 

ANTICONVULSANT EFFICACY OF NEWLY 
DEVELOPED ANTICONVULSANT DRUGS 
IN THE MODELS PROPOSED FOR PRECLIN- 
ICAL DRUG EVALUATION 

Partly as a result of the NINCDS program of the 
NIH (U.S.A-)i QumErouff anticonvulsant drugs 
have been developed during the last 10 years, and 
a certain number of these compounds have recent- 
ly progiessed firom preclinical testing 10 the initial 
states of cKnical evaluation'^. Three approaches 
to the development of new anticonvulsant drugs 
have been \ised: (1) The old method of finding an- 
ticonvulsantt involves the sc^eeaing of all newly 
syntheaieed compounds to identify antiseizure ae- 
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. .tivity 10 rodent models. It was by screening of 
y phenyl derivatives for anticonvulsant properties 
■ that phcnytoin was discovered*" in 1937. (2) A 
' second approach is to modify the chemical struc- 
' lures of c:^isting drugs in order to (ncroasc their 
therapeutic efficacy. In this way also compounds 
with clinical applications toiaUy different from 
\ that of the parent compound may be {demified. 
j For instance, it wa* through exploraiioh of molcc- 
i ular structures reUced to phenytoin that the anti- 
I convulsant actions of the oujcolidinediones (e.g., 
, trimechadTone) and* the suoetnlmides (o.g,, etho- 
1 soximide) were disco wed. (3) A mor<» recent Ap- 
P prodch is based *6n hicreased tinderstanding of 
neurotransmission and the pathophysiological 
changes underlying seizures. Most attention so far 
has been focused on the hypothesis that the under- 
lying neurochemical defect in epilepsy may be a 
functional impairment in the inhibitory GABAer- 
gic medianisms'' This hypothesis has led to 
the development and testing of several com- 
pounds, ix., so-caUed GABAmimctic drugs. 
.. which increase GABAergic funaion. Some of 
• these compounds, most notably vigabatiin and 
progabide (halogabidc), will be reviewed in the 
following. In this respect, it should be noted that 
there is soroo evidence indicating an involvement 
of GABA also in the mechanisms of action of sev- 
eral clinically csublxshed anticpileptitt drugs, such 
at benzodiazepines, valprxnc acid and barbitu- 
fcJ.M5ates, vhfle others, such as phenytoin and carba- 
^^^taazcpine, seem to act independent of GABAer- 
; processes primarily by suppression of neuronal 
hyperexcitability via tHrect effects on neuronal 
?*embrane ion conducUnccs'*". In this respect it 
^ould be noted, however, that the information on 
mechanism of action in Table IV and all 
;*/toibsequent tables givej only m direction and Ig- 
cflftbres numerous* other neurochemical and nouro- 
?>ysioJogical effects of the respective drags. 
^ the following, the efScacy of the most inter- 
""ig no^'el anticonvulsant drugs in the respective 
lal models proposed io this paper will be com- 
i» ^ ^^^^ clinical evaluation. Howcv- 

V it should bo critically considered that most of 
" novel compounds have only been tested yet 
^patients with partial epilepsy (most patient; 
complex partial seizures) resistant to convcn- 
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tional drug therapy. The results of clinical trials of 
some compounds have not been published in detail 
in peer review journals. Some newly developed 
compounds, which have not been clinically evalu- 
ated yet, but show promising preeXintcal cfflcary, 
*aD also be reviewed. Respective data are shown 
in Tables VI-IX. Oara are somewhat bcomplete 
because most compounds were not tested in all of 
the mt>dcls proposed here or^ at least, respective 
data' were not'published. For test drugs which are 
designated by codes or abbreviations, chemical 
structures arc given in the respective uWe leg- 
ends. 

To begin with GABAmimctic dn^gs, the most 
prombing drug of thia category with respect to its 
clinical el^cacy seems to be y-vinyl GaBA (vlga- 
batrin), an irreversible inhibitor of the GABA-de- 
grading enzyme GABA ammotransrerase (GABA- 
T)^'*^**. Indeed, several controlled clinical trials 
with vigabatrin indicate that this drug is more ef- 
fective than placebo in the treatment of complex 
partial seizures and jgeneralized tonic-clonic sei- 
zures"*^"*'**. This stands in contrast to its low effica- 
cy after acute single-dose administration in the 
MES, s.c. PTZ and Idndling model (Table VI). In 
fact, if predinical evaluation would have been 
based only on the traditional MES and PTZ tests, 
this drug would not have been idendfied as a po- 
tential antieiHlepiio. ExperimenU with seirure 
threshold teats, however, have shown that the 
diug is much morft effective duriog prolonged ad- 
ministration than after acute single-dose adminis- 
tratioo, which can be explained by progressive ac- 
cumulation of GABA due to the long-lasting effect 
on OABA degradation^^. These experiments in 
mioo have also indicated that tolerance may devel- 
op when too high doses of vigabatrin are adminis- 
tered daily, which is apparently related to the de- 
velopment of compensatory mechanisms (e.g., re- 
duction of GABa synthesis) within tbc GABA 
system^. Oinically^ no evidence has been found 
for the dcvejopmeot of tolerance to iho antiepi- 
Icptic effect of vigabatrin. Interestingly, in epUep- 
iic gerbils vigabatrin proved to be much more po- 
tent than in any other animal model (LOscher and 
Frey, in prop.). An i.p, EDjo of 50 mg/kg has been 
determined io this specie^, substantiating the high 
sensitivity of gcfbils to manipulations of GABAer* 
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gic mechanisms which has been demonstrated pre- 
viously with othdr GABAmimctic dnigs**; - 

Similar to vi^batiin, the GABA receptor agon- 
ist progabi4^ is only weakly active in the iradi- 
tionai MES and s.c. PTZ models but shows signifi- 
cADt anticonvulsant aclivsty in threshold tests 
(Table VI). Very similar data, i.e., inefficacy in 
tests with (supra)maximal seizure induction but ef- 
ficacy in thi^hold models, have been obtained 
with most GAB Amimetic drugs tested up to date, 
which demonstrates thai these potentially useful 
drugs would not have been discovered by the use 
of the widely employed MES and s.c. PTZ tcrts 
only'*. Id the kindling model, progabide reduces 
severity and duration of the behavioural seizures 
and duration of the amygdalax aftcr*scharfie« but 
(like vigabaiiin) it is not capable of totally bk>ck- 
infi the focal seizure activity^. In epileptic gerbils, 
however,, progabide is higWy effective with an i.p. 
Ebjo of 50 mg/kg^. Clinical data on moi© than 
1500 patients suggest that progabide might exert a 
therapeutic action in different types of epilepsy**, 
although the therapeutic efficacy in patients with^ 
chronic complex partial seizures has been ques- 
tioned. Indeed^ several carefully controlled trials 
with rigid inclusion criteria^^-^-*^-*'-^'* have not 
confirmed earlier reports wjbicb found that the an- 
tiepileptic effect of progatnde is superior to place- 
bo. In epileptic dogs, progabide was effective in 
reducing the frequency of generalized tonic-donic 
seizings,, but severe liver toaridty. developed dur- 
ing chronic oral ueatment with dafly doses of 50 
lag/kg (Scbwartz-Porscfao, unpublished data). 
Progabide has been shown to exert lifo-threaten- 
ing liver loxidty alio in roan'* . 

The third OABAmimetic drug whiai has been 
evaluated clinically is THiP (gaboacadol), like prp- 
gabidd a compound which stimulates postsynaptic 
GaBA reenters, although there is evidence tbat 
THIP might only act as a partial agonist at these 
receptors**. THIP is inactive in the traditional 
MES and s.c. PTZ tests but, like vigabatrtn and 
progabide, increases thresholds for electroshock 
and PTZ-induced seizures, although the MBS 
threshold is elevated by THIP only at high, toxic 
doses . (Tabic VI). In contrast lo .thc 2 other 
GABAmimetic drugs, THIP is not able of reduc- 
ing kindled seizure activity*". The only clinical 



study on this cou^pound found the drug ineffective 
in9 paticncs with partial epilepsy^. 

The pl-eelinical'daU obUined with vigabatrin, 
progabide and THIP in models of pent mal sei* 
zures deserve some additional comment, because 
these data might be of clinical relevance. As 
shown in Tabic VI, these- diiigs aio virtuaUy inac- 
tive in the s.c. PTZ test in mice but increase the 
i.v. PTZ threshold for clonic sfiSruraa in this spe-- 
cies. In rats, however, Myslobodsky et al.^ found 
that vigabatiin aggravated PTZ-induccd seizures. 
Aggravation of seizure acdvity by GABAmimetic 
drugs has also- been reported in rats with inborn 
petit mal seizures"^ (sec Table V). Similarly, 
these drugs wexe sbown to prolong seizures in the 
GHB model of pent mal epilepsy in rats^. In high 
doses, some GABA agonists have even been 
shown to induce spike-wave activity in the EEG of 
normal rats^ and photosensitive baboons^^. In 
fact, THIP-induced bilaterally synchronous spike- 
wave discharges in rats, which can be antagonized 
by ethosuximide but not by valproic acid^, have 
been proposed as a model of petit mal epilepsy^. 
These and other findings have lad to the hypoth- 
esis that an increase' iu GAB Aergic transmission 
may be involved in the pathogenesis of general- 
ized spike-wave discharges"*. Indeed, there is 
considerable expenmental evidence that absence 
seizures are due to paroxysmal discharges in inhib- 
itory pithways in the brain*'. Tentatively, if mer 
diated by GABA-related mechanisms, the anti- 
convulsant effect of benzodiazepines and valproic 
add against petit mal seizures could then be ex- 
plained by a fadlitatioo of presynaptic GA0Aer» 
^ control of the intensity of OAB Amedjated re* 
current .postsynaptic inhibitory action, vrtiereas 
GABAmimetic diugr, such as progabide, which 
facUiiate postsynaptic GABAergic action in these 
pathways would thereby exacerbate the sei- 
zures^^ If this asstmiption is true, search for new 
anti-absence drugs by means of a model using the 
GABA nntagonist PTZ could lead to false conclu- 
sions. However, as.Iong as the effect of GABAmi- 
meiie drugs on hnman petit mal seizures has not 
been established, the meaning of these experi- 
mental data for absence seizures in humans re- 
mains uncertain. 

There are sever*! more recently developed 
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Amimetjc drugs, i.e., lipophilic derivatives 
vadne and nipecotic add such as SKF 
'^30'A and SKF 89976- A, which hic^cayc syh- 
rc GABA concentrations by inhibjition of 
jPA uptake from the synaptic cUft"^. X% 
ivn in Table VI, these compounds arc inacti^fc 
the MES te^t, but show efGc^cy in the a.c. FTZ 
St. The mo$t promising data with these drugs, 
Ibwever, stem from kindling experiments CTab^e 
^yi and Fig. 2). In the amygdala kindling model, 
r SKF 100330-A proved to be more potent in sup- 
pressing focal seizure activity than any of the dini- 
cally established antiepileptic drugs, which are ac- 
I tivc in this model^*'*^^ SKF S9976-A was som^- 
. wbat less potent than SKF 100330-A but still 
exerted significant* activity in this model. When 
: given prior to and during amygdala stimulation in 
unldndled rats, SKF 89976-A inhibited the evolu:- 
;.tion of full kindled seizure activity^**. Furlheri- 
^.more, both compoimds showed marked activity in 
.. che gerbtl model of generalized tonic-clonic sei- 
zures'^. Since both compounds also compared fs- 
— mirably with diazepam in terms of neurotoxid4 
'^jioasi ^^^^ ^j3^3 strongly indicate thai 

.,X3aBA uptake inhibitors, snch as SKF 10Q330-Ali ' 
Uicric ftirthex study as* new anticonvulsant drugsj 
"with a very selective mechanism of action. \ 
^'^ifsidcs *oompound6 that increase OABAergici 
'^nsmission by effects, on OABA receptors J 
^fiABA uptake or degradatJon, several ^ubstancesf 
Jfidlitate OaBA function by an effect, at the BZf 
^^dceptor of the GABA reeeptor-ionophore oom-j 
The dassical example is of course the 1,4-1 
t^i^c'diazep^cs, such as diazepam and donaze-j 



pam, but tbe same effect is also induced by the 



jnore recent 1,5-bonzodiazepinc clobazam. and by 
fiyCarbolirufsl which act as ftiU Or partial agonists at 
B.? rccepiors"*-'^' ^"-'". As shown in Table VI, 
.^.bazam possesses the same broad spectnun of j 
;^ticonvul8ant activity as. 1 ,4-bcnzodiazcpines ; 

is able to reduce seizure frequency in patients j 
wh complex partial seizures**'; however, toler- i 
.?ncc develops to its antiepfleptic effect in hu- | 
;^j,sJ^.i73 gjj^^ tolerance (and dependence) ' 
5f?ms to be an inherent disadvantage of the ben- ■ 
. ^^iazepines, alternative ligunds for the BZxecep- j 
:^^.with comparable anticonvulsant action to ben- 1 
•-^&<yazftpines but not showing toleicmcc arc being ' 



sought. One class of new BZ ligands are the ^-car- 
bolincs. Full BZ agonists of this dass, such as ZK 
93423, show the same efficacy as benzodiazepines 
in animal models, whereas partial agonists ^ such as 
ZK 91296 an d ZJtT 95962, seem lo b^ Ineffective in 
the MES and kindling models, but show activity, 
agshist FTZ (Table VI}. It should be noted, how- 
ever, that in gcrbils. ZK 91296 was effective 
against both minot. (petit mal like) and major 
(grand mal like) seizures^. The advantage of par- 
tial BZ agonists of tliis type is that they are much 
less sedative and muscle relaxant than are benzo- 
diazepines. Prelimihaiy clinical data indicate that 
ZK 95962. as could be expected fr^m its effect ii^ 
petit mal models p is able to reduce photosensitive 
absence seizures in pa CientB"^ 

Several other drugs with diverse structures, 
which might act via GABAergjc mochaisisms^ are 
showa In Table VII. Gabapcndn is highly effective 
in blocking MES in rats and FTZ seizures in ihice, 
but is not capable of blocking N(ES in mice'. Al- 
though th9 difference between mice, and rats can- 
not be explained, the data illustrate that both spe- 
des should be studied in preclinical evaluation of a 
test drug. Gabapentin has not been tested in the 
amygdala kindling model, but experiments widi 
hippocampal kindled rats shoxifed that the drug 
had no reliivavit effiect on. the afc6rd»Sch4rge 
threshold^. Prefiminaiy- clinical data, as ye(j^t 
published »o detail, however, soggest 'tiiat^ 
gabapentin mi^i possibly possess andepileptic ef- ^ 
ficacy ID human epilopsiea^. 

Stinpmol is nctxve against both MES.and FTZ 
seizures, but has not been tasted in the Jdndling 
model (Table VII). In the aluminia gel model in 
rhesus monkeys (}xl which the epyeptogenid focus 
was activated by systemic injection of 4-deaxypy- 
ridozine), stiripentol was comparable to valproate 
in that it delayed the onset of seizures but did not 
eliminate them as do other antiepileptic drugs***. 
Based on, very preliminajcy data as yet .not 
published in detail, stiripentol appears to improve 
seizure control in some patients with focal epi- 
lepsyi". 

The rran^-^isomer of 2-en-valproic add (2-«n- 
VPA) is the major active metabolite of valproic 
add in different spedes, induding man*^'"\ This 
compound has about the same anticonvulsant pO' 
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TABUS vn 

AnaccnvuLrampcr^cy ofntW anficon.uls^l ^rugs ^vHUh ^t^ased on timU.d cvWcncJ m(«Au «* C/l D/l crgU mechanums 
Ii»hftd«peiiin«ntiofour£rPup. ^ 
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tfency and spectniin of activity as valproic add» but 
is somewhat more sedative thao the pajcot drug ia 
mice^^ (Table VII). Like v^proic add, 2-en-VPA 
increases presynaptic GABA levels and potep- 
tiatcs postsynaptic GABAcrgic function"^. How^ 
ever. 2-en-VPA has stgnificant advantages com- 
paied to valproic A«d io term* of toxicity and tera- 
togenicity. During recent ycajs it has become in- 
creasingly evident diat therapy with valproic acid 
may be associaled with fatal hepatotoxidty es well 
as serious embryotoxidty (leading to* malforma- 
tions, such as spina bifida)- in a very small portion 
of patient**^. The hepacotoxic and teratogenic po- 
tential of valproic add can also be demonstrated in 
respective animal models, whereas 2-en-VPA 
lacks the adverse effects of the parent drug in 
these models"'**-^. 2-en-VPA may thus merit in- 
terest as a valuable alternative drug in antiepi- 
lepdc therapy, 

Denzimol is active ih the MES teat but inactive 
against FTZ seizures (Table Vn). Pilot studies in a 
limited number of patients suggest that it may re- 
duce thel^cquency of generalized tcnic-clonic and 



focaiseirures^^K ' * ' " ' 

CGS 9896, a pynzoloquinoline with partial BZ 
agonistic properties'*, has not yet been tested din- 
ically. Prediaical evaluation showed that, similar 
to ^-carboline partial BZ agonists (Table VI), this 
compound is inactive against MES but blocks PTZ 
senuies (Table VII). In comfiarison to the partial 
BZ agonists, CM a piperidino-pyridazine 

derivacivje» . has a broader spectrum of activity 
(Table VU), but, agaiki» iMs interestxng drug has 
not yet been tested chnically^'. 

In Table VIII, the efficacy of novel anbcomntl- 
saat coorpounds wttfa diverse mechanisms of ac* 
fa'Oo is shown. Oxcarba^in^t the lO-oxo-ana- 
logue of carbamazepine^ possesses similar phar- 
macological activities as^b parent drug. It exerts 
anticonvulsant action in Oie MES test in mice and 
rats, whereas the reported anti-PTZ effect Is ques- 
tionable, since in the PTZ test system used in the 
reactive report cacbamazepine was also aciive*. 
In cats with faippocampal stimuIation» ojEcarbaze- 
pine is not capable of affecting afterdischargcs, 
but its active metabolite lO-hydroxycarbazepine is 
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a$ potent to decrease afterdischarge duration in 
thi( mode] as ts carbamazcpine^. As could be ex- 
pocted from the preclinj^:*] evaluation, in epileptic 
patients oxcarbazepine exerts similar antiepilcptic 
efficacy as carbamazepine^. Anotlier example for 
■ drug which has been developed by structural 
modtOcation of an antiepilepttc drug is etero- 
barb^. Because of the barbiturate structure and 
the fact chat this compound is metabolized lo phcr 
nobarbital afier administration, eterobarb sliows 
con^arable prectioical and clioical cfiicacy as phe- 
nobarbiUl (Tabic VIU). 

* Ftunarizine is a novel compound that reduces -the 
Ptranamembrane influx of calcium'^. However, if 
this effect \$ responsible for its anticonvulsant ac- 
tion Is still undear. In animal models of epilepsy, 
fhinarJzine shows activity which very similar co 
that of phenytoln and carbamazepine in that MBS 
seixures are blocked but clonic PTZ seizures are 
not (Table VIII]. Flunariame seems to reduce 
tindled seizure activity^ although the efficacy 
.Jigainst focal coropojients.of the seixures appears 



ro be low^. Based on initial clinical studies, flunari- 
zine seemed to reduce complex partial and gener- 
alized tomc-donic seizures'^ but in a more recent 
tandomixed double-blind placebo controlled 
qross-over study in 30 patients with complex par- 
tial sctzureSf flunarizine did not decrease seizure 
frequency significantly^^. Further carefully con- 
trolled trials are certainly required for final assess- 
ment.. Somewhat surprising, ii hss been claimed 
that AunariziAe's cakiom cntry-bloddng action 
does not lead to negative effects on heart muscle 
and blood vessel tone-'''^. Flunarizine may lead to 
extrapyramidal dyskinesia in some patients. j 
An example for a drug wfaic6, based on its pre- 
cUnica) profQa, should not have been .further de- 
veloped is milacemide. This drug, .which has l>een 
sho^n to increase brain glydne and (in substantia 
' nigra) dAB A levels^ is inactive in all standard 
tests shown in Table VIIl. The only test in which 
milacemide exerted- potent anticonvulsant anion 
was the i.v. bicucuUine seizure model'^\ In uncon> 
trolled trials, not published in peer review jour- 
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nals, milacomide has bden suggested lo slightly re- 
duce seizure frequency in patients suffering from 
various forms of epilepsy"'. Careful clinical stud- 
ies are Deeded to show if milacemide has ao anti- 
epileptic effect in human epilepsy* 

An interesting new compound is XQrdsamid^ 
^hich, like phenytoin ^d carbama:tcpine^ seems 
to act viaf suppression of membrane hyperexcita- 
tion'^'. Thi? compound is active against MJBS and- 
bippocampal or cortical kindled seizures, but is in- 
active in the PTZ and amygdala kindling model 
(Table vni). Clinical evaluation of zontsamide 
demonstrated significant therapeutic effects 
against both partial and generalized tooic-clonic 
seizures*?, but the . drug has recently been with- 
drawn because of the formation of renal calculi 
during long-term treatment. 

2-Ajnif|o«7-pbosphonoheptanoic acid (2»APHi 
Table VIII) rapresexjts a new c)b5» of drugs; i.e., 
antagonistii of exdtatoxy amino acids, which cur- 
rently attract a great deal^ of interest in epilepsy re- 
search. 2-APH is one of ihe most potent com- 
pounds of a series which selectively antagom'zes 
excitatory amino acid transmission by an effect af 
the 7V-methyl-D-aspaitate (NMD A) receptor sub- 
type of ghitamate receptors^ Such compounds 
are potent anticonvulsants when injected intrace- 
rebroventricularly, but are much less potent after 
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systemic adminisuation because they penetrate 
the blood-brain barrier poorl/'-^^ (Table! 
VIII). Furthcyraiore, at doses which exert, anrlcon- J 
vulsant action, 2-APH also exerts side-effects,] 
such as sedation and impairment of motor coordi-l 
nation"^ Thus* these novel compounds may be J 
less promising than initially diought. However, in 
this respect it is interestiog to note that (here is| 
some evidence indicating that the novel auticon* 
vulsant MK-SOl (see Tabic VIU) also acts via an^ 
tagonism of glutaminergic nem-ocransmission. In- 
deed, MK'801 has been described as a non-com- J 
petitive antagonist of NMDA on-the basis of bind- 1 
ing and electrophysiological ejcpciimencs***^ As fj^i 
shown in Tsiblo yiXI^ this compound is Highly ac 
dve in the MES test, but considerably less effec- 
tivo a^inst PTZ seizures, although the HPjq in the 
latter test was srill lower than that of phenobarbi* qq 
laJ^*. Interestingly, in contrast to drugs, such as 2^ 
APHr MK-801 seems to be essentially free of side- 
effects, such as sedation and motor impairment 
Preliminary clinical data bdicate some antiepi- 
loptic efficacy in patients with seizures of focal ori- 
gin, but efficacy was not mahitained"*. 

Various new anticonvulsant drugs with yet un- 
settled mechanisms of action are shown in Tabic 
DC. Felb'amaU. (a propanediol dlcarbamate deriva- 
tive Hke the anxiolytic meprobamate) and ftupir^ 
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Anaeonvulsant pottncy of new anHconvuIroftr drugs fpr which mo avidcncw ef potmdml meekgnUm olfaction i$ ovpi/aUe 

For expUottlain ma Tihle IV. AbbrcvUtioiu aoi cxplafaictf in TablB iV: a.L, not tcttctf: SR 41378, 6-(3,4-dtchki«ttpKenyr)-3-(a*by 
<iro«y-pipcridtDo)-fyndAzlr>c. Datft ar« Xrem ref. 113. 
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exert a broad spectrum 6f aaticonvulsant ac- 
ivity at reJatively low, non^dative dos^, abd 
iWtmuiary clinical reports suggest that- these 
jdrufis tnxsfkX possess aatiepileptic efficacy*^^^. 
.'iLamouigine and nafimidorre arc drugs with a more 
^onytoin-like action in that ihcy are active in the 
36ifHS test but inactivo against PT2 (Table IX). 
^^elimioaxy clinical data indicate that both drugs 
v^pugbt reduce partial scizuire frequency m human 
^^ileps/ "*. Final- assessment is not yet possible. 
^ XThe last comptftmd of Table DC. SR 41378, is a 
jmtuctural analogue of the piperidizxo-pyridazioe 
g^vaiivc CM 409d7, wiiich has been shown in 
T&able vn. As CM 40907, SR 41378 exerts a broad 
l^wctrum of activityi but has not been diwcally 
j^s'valuatedyet". 

'OONCLUSrONS 



. yet un- 
in Table 
5 deriva- 
d flupin 




30 
10 



A survey of precUmcal data on novel aaticoavul- 
^§^t drugs currently Undergoing'cJimcal evaluation 
Shows that only in few instanccfl models of focal 
^^epsy, such as the kindling m<sdel, haVe been 
: i^ployed, although all these drugs are initiayy 
.^tested in patients with this type, of epilepsy. The 
.'iact that all clinically established anciepilepnc 
] ttmgs of primary choice against focal epOepqr are 
. active in the MES test should not bo intcipreted in 
v^at this test ii a predictor of drugs effective in 
:» bbch generalized tonio-douic and focal seizures. Id 
J|Act. the eaq>erimental data on the GABa upuke 
■ Iftnhibitors shown In Table IV a„d Fig- 2 demon- 
v^^^^ that significant anticonvulsant activity 
\ against focal seizures can be present in the absence 
of efficacy in the MES test. Although an optimal* 
niWel for ideoti^ing drugs acljv© in partial epi- 
J^fy is not yet defmed, the Comparative data on 
: nftiepilepric drugs recently reported***** suggest 
^t the kindling model might be suited in this rc- 
^ added advantage of this model is that 
*^ efficacy of a test drug against the progressive 
^■wceas leading to epileptogonesis can bo deter- 
rfned. Although continued kindling fn animals re- 
*to in the eventual appoarance- of spontaneous 
:ni epilepuV seizures"*, the relevance of 
g as a mocl)anismfor epllcptogenesis in hu- 
focal epilepsy cannot be assessed as yet^' ^. 
respect to models of petit mal epilepsy, the 
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sx. PTZ test is stfll proposed for screening pur- 
poses, although a genetic model, such as the petit 
mal rat model described by Vergnes ct al.^\ 
would be cleariy preferable in the^earch for drugs 
with anti-petir inal action. In view of the high per- 
centage of rats with this inborn syndrome and the 
possibility to obtain large numbers of affected ani- 
mals by selective breeding, it is-lo be hoped that 
this potential^ tisefui genetic model will replace 
the PTZ test in due time. However, the term pent 
nisi and the modeh used in this reject need some 
genera] comment. The term petit nud is not useful 
for the- definition of experimental or clinical sei- 
zures, b^use it included historically a number of 
rather diverse epileptic syndrbmes. BsquiroP es- 
tablished this term to describe all'epileptxc seizures 
except generalized tonic-donic seizures. Lennox 
and Lennox** coined the term pfttit mal triad: pure 
petit mal (1-e., absence seizures), myoclonic at- 
tacks and akinetic or atom'c aiudn, and added a 
fotirth rbember; petit mal variant or petit mal with 
psychomotor components. In addition, Janz*^ in- 
troduced a fifth membei'. the impulsive potit mal. 
In recent years^ the term absence seizure has been * 
used widely and has been' thought to give a better 
description^'. Myoclonic seizures have beei^ de- 
fined more clearly and Indnde epileptic myoclonic 
seizures wliich may occur without Impairment of 
consciousness as impulsive petit mal in Juvenile 
myodonic epilepsy or with impairment of con-* 
sdousness as in myodonic absence vegizurea. Fur- 
thermore it is recognized from « clinical porspec 
tive that absence seizures may occur in a number 
of epileptic syndromes, e.g.. childhood absence 
epUopsy (pyknolep5y)/juveni]e absence epilepsy, 
juvenQe myodonic epilepsy, epilepsy with gener- 
alized tonic-donic seizures on awakening, Len- 
nox-Gastaut syndrome, epilepsy with myodonic 
astatic seizures, and epilepsy with myodonic ab- 
sences. Myodonic seizures may occur in benign 
myoclonic epiiepsy in infancy, juvenile myodonic 
epilepsy, epilepsy with generalized tonic-donic 
seizures on awakening, Lennox-Gastaut syn- 
drome, epilepsy with myodonic astatic seizures, 
carly myocjonic encephalopathy, and severe myo- 
donic epilepsy in infancy**. Petit mal modole, suds 
as the PTZ test ai^d rats with spontaneous spike- 
wave discharges, arc thought to predict drugs cf- 
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fective in gcnejralized seiznres of the absence 
fyp^ui,i90 However, as shown in Table V, all 
these models m phannacologicaJlIy cbaiacterucd 
by high aDticonvulsant efficacy of phcoobaiisital, 
benzodiazepines and (if tested) primidone, while, 
in tenxis QtBD^o values, valproic add and ethosux- 
ijnide are less potent, and phenytcin and caibajna- 
zepine do not exert an anticonvulsant ejSect. From 
a clinical perspective, phcnobarbital and primi- 
done are not effective against, absence seizures, in 
fact these drugs may even increase thp number of 
absence ffeiznres- iu human epil^sy possibly 
through their sedative side-effecU. However, both . 
drags are effective against, myodonic seizures, 
e.g., in juvenile rayodonic epUcpsy, ^d thus it is 
reasonable to assume that their anti-myodonic ef- 
fecC and not an anti-absence effect is relevant for 
their efficacy in so-caQed experimental petit mal 
seizures. Human myoclonic seizure are 'also sen- 
sitive to valproic acid, benzodiaxej^nes, and etho- 
suximide, and are insensitive to phenytoin and car- 
bamazcpine (Table I). Thus, it appears that the 
petit mal models, including the JTZ ie$t, shown in 
Table V-'are models of myoclonic seizures r4ther 
than iBodels of absence seizures. Like absence sei- 
zures, epileptic myoclonic seizures are associated 
with generalized spilcc-wave discharges .in the^ 
EBQ; in other words, the occurrence of spike- 
wave disch^ges in an animal model, such as the 
genetic rat model, does not necessarily im|>ly that 
tins is a model for absence 'seizures. lo view of 
their pharaucologccal sensitivity, we propose that 
the petit mal models presently used should be -des- 
ignated as models for myoclonic seizures. As 
shown by the dnta on phenobarbical and primi^ 
done. efGc^cy against myodonjc seizures in 
mal models is not 'nccesaarily predictive of rfii^^ e ^ 
efficacy against absence seizures. Models for ab* 
seftce s^zures should be characrerized t>y antioon- * 



vulsant efficacy of valproate and ethosuxinude 
and inefficacy of phenobarbital, primidone, phe- 
nytoin and carbamazepine. At present, no model 
meets these criteria. . 

New animal models of epflepsy should be con- 
stantly explored for several reasons. Each new 
method, yields information on the nature of the 
convxilcant proq^ss and the mechanism of anticon- 
vulsant drug action. Potential antiepilepti as of j 
novel chemical structure may not be adequately 
defined by axumal models now in use. Finally, drug 
specificity for particular tjrpcs of epilepsy n^ay be 
evaluated better by novel methods of assay. Thet 
present proposal of preclinical systems for anti^i- 
leptic drug- evaluation is similar to the simple 
. screening battery of the NINCDS program of the 
NIH but adds threshold models and, most impor- 
tant, a highly reproducible test system for focal : 
setaues. Fiarthermore, it is emphasized that not 
only the acute efficacy of drugs should be deter- 
mined during preclinical evaluation but also the ef- ^ 
ficacy during subchrpnic administration of a caadi- < 
date drtig. He kindling model seems to be panic* 
ularly suited for such studies, provided the test I 
drug is active in this paradigm. 
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